Cover Page

The following handle holds various files of this Leiden University dissertation:
http://hdl.handle.net/1887/74469

Author: Korol, V.
Title: Exploring future multi-messenger galactic astronomy
Issue Date: 2019-06-19


https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/74469
https://openaccess.leidenuniv.nl/handle/1887/1�

Exploring future multi-messenger Galactic Astronomy

Valeriya Korol






Exploring future multi-messenger Galactic Astronomy

Proefschrift

ter verkrijging van
de graad van Doctor aan de Universiteit Leiden,
op gezag van Rector Magnificus prof. mr. C.J.J.M. Stolker,
volgens besluit van het College voor Promoties
te verdedigen op woensdag 19 juni 2019 klokke 13.45 uur

door

Valeriya Korol

geboren te Sumy, Oekraine
in 1988



Promotores:

Dr. E.M. Rossi

Prof. dr. P.J. Groot (Radboud University)
Prof. dr. A.G.G.M. Tielens

Overige leden:

Prof. dr. N. Cornish (Montana State University)
Prof. dr. S. Larson (Northwestern University)
Dr. S.E. de Mink (University of Amsterdam)
Dr. M. Kilic (University of Oklahoma)

Prof. dr. K.H. Kuijken

Prof. dr. H.J.A. Rottgering

Cover design by Luke T. Maud, Alla and Valeriya Korol

Original image adapted from numerical simulations of S. Ossokine, A. Buonanno (MPI
for Gravitational Physics) and W. Benger (Airborne Hydro Mapping GmbH)
Translation into Ukrainian by Artur Korol

ISBN 978-94-6380-389-2

Printed by ProefschriftMaken www.proefschriftmaken.nl
An electronic version of this thesis can be found at openaccess.leidenuniv.nl


www.proefschriftmaken.nl
openaccess.leidenuniv.nl

To my grandpas






Gigantic multiplied by colossal multiplied by staggeringly huge
is the sort of potential we reach when exploring

the possibilities of multi-messenger studies!
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Chapter 1

Introduction

The Universe is comprised of structures called galaxies such as our Milky Way. Stars
are the fundamental building blocks of galaxies. Thus, by studying how stars are
distributed and how their properties change across a galaxy and over time, we can
understand how galaxies form and evolve. Our understanding of stellar evolution and
of the stellar initial mass function imply that over 98% of all stars in the Milky Way
will (eventually) end their lives as white dwarfs (WDs). WDs are the evolutionary
end stage of low- and intermediate-mass stars after they have consumed all of their
fuel, shed their outer layers and the remnant cores just glow from the residual heat.
Consequently, the oldest WDs are also the coldest and the faintest ones. The quest to
find the faintest WD in our Galaxy resulted in the first estimates of the age of the Milky
Way (and in general of the Universe) (e.g., Hansen et al., 2002; Oswalt et al., 1996).
By using the WD age-luminosity relationship one can construct the WD luminosity
function, which is one of the best tools to reconstruct the star formation history
(SFH) and to date different Galactic populations (e.g., Kilic et al., 2017; Tremblay
et al., 2014). Furthermore, WDs are thought to be at the root of a phenomenon
called “supernova type Ia” (SNIa) explosions. These very luminous events have been
used to trace the expansion of the Universe, leading to the Nobel Prize discovery that
such an expansion is accelerating and thus contains a driving force, called dark energy
(Perlmutter et al., 1999; Riess et al., 1998). Therefore, it is widely recognised that the
study of WD stars is important for understanding the evolution of galaxies and the
Universe. This thesis proposes to use a different property of these extremely common
compact objects to study our Galaxy and its neighbourhood; their gravitational wave
(GW) emission.

Stars often form binary systems, in which they are gravitationally bound to each
other and orbit about their common centre of mass. It is believed that about 50% of
stars reside in binary systems, although the precise percentage depends on the type of
the star. Between 5% - 10% of all WDs are in double WD (DWD) binaries (Maoz et al.,
2018; Toonen et al., 2017). Given this and the fact that the initial stellar mass function
(IMF) prefers the formation of low-mass stars, numerical simulation predict over 108
DWD systems currently present in our Galaxy (Maxted & Marsh, 1999; Nelemans et
al., 2001; Ruiter et al., 2010). In particular, the most compact DWD binaries emit
strong GW radiation in the frequency band of the future European Space Agency
(ESA) mission, LISA (Laser Interferometer Space Antenna, Amaro-Seoane et al., 2017,
see Fig. 1.1). Tens of thousands are expected to be discovered by LISA, making DWDs
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2 Introduction

Figure 1.1: Artist impression of the LISA mission, an ESA mission designed to measure
gravitational radiation over a broad band at low GW frequencies, from about
0.1 mHz to 0.1 Hz. Immage credits: ESA

the most numerous GW source in our Galaxy (Nelemans et al., 2001; Nissanke et al.,
2012; Ruiter et al., 2010). GWs provide very different information compared to what
can be deduced from electromagnetic (EM) observations, which for DWD are mainly
limited to optical wavelengths. LISA’s capability to determine distances (difficult to
derive from optical observations for such faint sources) for large number of Galactic
GW sources as well as the fact that GWs are unaffected by stellar dust will open a new
window for Galactic astronomy enabling a muti-messenger (EM+GW) study of the
Galaxy. Numerous resolved GW signals (but also unresolved populations) will provide
a tomographic picture of the Galaxy. The full picture emerges jointly with optical
kinematic properties of DWD systems complementing the positional information from
GWs, to unveil the shape and total dynamical mass of the Galaxy.

1.1 How to form a double white dwarf binary

The formation of a typical DWD begins with intermediate-mass (2—5 Mg ) binary com-
ponents with a primary mass my, a secondary mass mso (with ma < my), a semi-major
axis ¢ and an eccentricity e. The majority of binaries are born at wide separations
(corresponding to Py, > 100yr, Abt, 1983). These binaries will never undergo an
interacting phase and the system will evolve as though it is made up of two single
stars, each completely uninfluenced by its companion. To form a close binary, the
progenitor system typically has to undergo a few phases of mass transfer (see Fig.
1.1). Mass transfer can occur when one of the two binary components grows to a size
such that its envelope is no longer gravitationally bound to the star (i.e., the star fills
its Roche lobe!). In such a case it is possible for the companion star to accrete some
or all of the envelope from the primary. If the mass transfer phase proceeds in a stable

1Roche lobe is the surface defining the region of gravitational influence of a star in a binary system.
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Figure 1.2: Artist impression of the mass transfer process, one of the fundamental processes
in the binary evolution. Image credits: D. Aguilar (CfA).

manner, the donor star can readjust its structure to retain hydrostatic and thermal
equilibrium, and the envelope will stay approximately within the Roche lobe. The
orbit of the system is affected by the re-arrangement (and possible loss) of mass and
angular momentum, and in general widens. When mass transfer becomes unstable,
the donor star will significantly overflow its Roche lobe upon mass loss. Subsequently
the mass transfer rate increases even more leading to a runaway situation in which a
common envelope (CE) develops around both stars. Figure 1.1 illustrates a situation
of stable mass transfer.

To form a DWD the progenitor system needs to undergo at least two phases of
mass transfer: the first occurs when the primary evolves off the main sequence and
the second, when the same happens to the secondary. It is believed that at least one
of the two mass transfer episodes is necessarily unstable which leads to CE formation
(Paczynski, 1976; Webbink, 1984). The reason for this requirement comes from the
fact that the CE is thought to be the most efficient way to tighten a binary system. It
is often used to explain a large number and wide diversity of compact binary stars that
includes, besides DWDs, cataclysmic variables, Type Ia supernovae progentors, X-ray
binaries and binary black holes recently detected by the LIGO and Virgo collaboration
(Abbott et al., 2016, 2017).

The CE is a short-lived phase of binary evolution during which both stars orbit
inside a single, shared envelope. This may occur when one of the stars significantly
expands to a size much larger than the binary orbital separation, basically engulfing
the companion star. The companion star spirals inward through the envelope, los-
ing orbital energy and angular momentum due to dynamical friction, and heats the
envelope. This phase continues until either the two stars eventually coalesce or the
envelope is ejected from the system leaving behind the core of the primary. The end
result for intermediate- and low-mass stars after the ejection of the envelope is either
a hot sub-dwarf star, which then rapidly cools down to become a WD, or a helium
star, which will later evolve into a WD, if the primary was on the red giant branch
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with a mass > 2Mg This general idea of CE evolution is well accepted, however the
details are still not understood (e.g., Ivanova et al., 2013). Simulations of CE evolution
are extremely challenging for both computational and analytical treatments as, from
beginning to end, the problem involves a complex mix of physical processes operating
over a huge range of scales. The earlier treatments of the CE problem are based on
very general considerations of energy and angular momentum conservation, and are
still widely employed in binary modelling. The two most common ones are the a- and
~- formalisms.

In the a-formalism, the energy budget for the binary is fixed at the onset of mass
transfer. The post-CE system is therefore constrained to have an orbital energy which
is negative enough to ensure envelope ejection. An efficiency parameter, «, was intro-
duced to characterise the fraction of dissipated orbital energy actually used to eject
the envelope (Livio & Soker, 1988). So that the energy budget can be written as

Ebind,i - O((Eorb,f - Eorb,i)v (11)

where Ehindi = —GMiMeny,1/AR1 is the initial binding energy of the envelope with
Meny,1 being the mass of the primary’s envelope and A being a parameter that depends
on the primary’s structure, Eqp ¢ and Eqp i are respectively the final and the initial
total binary orbital energies.

The alternative y-prescription was originally proposed to explain the formation of
some known DWD binaries by Nelemans et al. (2000). In the analysed sample, the
older WD of the two in a binary system has a smaller mass instead of being more
massive as one would expect from the standard stellar evolution scenario. This can
happen if the orbital separation at the onset of the second mass transfer stage is wider
than at the onset of the first one. The a-formalism would not naturally describe a CE
phase which widens the binary orbit, because this would require an additional energy
source present during CE evolution (i.e. a > 1). The proposed governing equation to
explain this is angular momentum conservation:

Ji — Jr _ Mejec

T Vi tmy (1.2)
where J; and J; are the initial and the final binary orbital angular momenta, and mejec
is the mass of the ejected envelope and <y is the efficiency parameter which can be
inferred from observations (Nelemans et al., 2000). All of the observed DWD systems
can be explained by very similar values of 7, meaning that only one representative
value of 7 is required when modelling DWD evolution (Nelemans & Tout, 2005).

Figure 1.3 illustrates an example of a typical evolution path, leading to a close
DWD binary (Toonen et al., 2012). In this example, two zero-age main-sequence stars
of 6Mg and 4 Mg are initially on a 125 day orbit. The first CE occurs when the
primary ascends the red giant branch and fills its Roche lobe. During this phase the
primary loses its hydrogen envelope and becomes a helium star. When all the helium is
exhausted, the primary becomes a WD of about 1 M. Continuing with the evolution
of the system, the secondary star later evolves off the main sequence, and a second
CE occurs. In this CE phase, the orbit shrinks further, decreasing from 30 days to 4
hours. The secondary evolves into a helium star without a hydrogen envelope until it
also turns into a WD, thus creating a DWD binary. Once the CE evolution is over,
the only process driving subsequent DWD evolution is the loss of energy through GW
radiation that slowly brings the stars closer together (see Section 1.4).
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Age (Myr) M,(Mg) ) My(Mg) Py p(d)

0 6.00 4.00 125.00 ZAMS

69 6.00 4.00 125.10 CE -G+ MS
69 1.10 O@ 4.01 30.03 He MS + MS
180 1.01 4.01 31.17 CE— WD + G

255 1.01 : 0.55 0.17 WD + WD

—— 100R,

Figure 1.3: A typical evolution path to form a compact DWD. In this case the first phase
of mass transfer is dynamically unstable which results in a CE. ZAMS stands
for zero age main sequence. G is a giant star, MS a main-sequence star, He MS
a helium MS and WD a white dwarf. The figure is adapted from Toonen et al.
(2012).

1.2 How to assemble a mock population of double
white dwarf binaries

Binary population synthesis (BPS) is a technique used to model the evolution of
an entire population of binaries under a common set of assumptions (e.g., de Kool,
1990; Dewey & Cordes, 1987; Kolb et al., 2000; Lipunov & Postnov, 1987; Politano,
1988; Portegies Zwart & Spreeuw, 1996). This method offers a fast way of computing
the overall properties of a population and allows comparisons with observed samples.
Unlike in detailed stellar evolution codes (such as MESA, Paxton et al., 2011), BPS
codes do not resolve the stellar structure. Although the additional information of a
computationally resolved stellar structure is a significant advantage when modelling
binary interactions, it is computationally too expensive for a large number of systems.
The basic goal in population synthesis calculations is to follow the evolution of an
ensemble of primordial binaries through all possible phases until the formation of
the systems of interest (for example, DWDs in this thesis) by adopting adequate
analytic prescriptions. Typically evolutionary phases include: wind mass loss, stable
or unstable mass and angular momentum transfer, formation of compact objects,
circularisation, angular momentum loss through gravitational radiation and magnetic
braking.

This thesis makes extensive use of the BPS code SEBA, originally developed by
Portegies Zwart & Verbunt (1996), calibrated for DWD by Nelemans et al. (2001) and
more recently updated and tested against observations by Toonen et al. (2012, 2017).
The logic behind SEBA is not to define the evolution of the binary a priori, but rather
to determine it at time intervals depending on the parameters of the system. It has
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been used to study a large range of stellar populations: high mass binaries (Portegies
Zwart & Verbunt, 1996), double neutron stars (Portegies Zwart & Yungelson, 1998),
gravitational wave sources (Nelemans et al., 2001; Nissanke et al., 2012; Portegies
Zwart & Spreeuw, 1996), double white dwarfs (Nelemans et al., 2001), AM CVn sys-
tems (Nelemans et al., 2001, 2004), supernovae Type Ia progenitors (Toonen et al.,
2012) and ultra-compact X-ray binaries (van Haaften et al., 2013). SEBA has also been
used to simulate the evolution of dense stellar systems as part of the software pack-
age STARLAB (Portegies Zwart et al., 2001, 2004) and recently has been implemented
in AMUSE? (Astrophysics Multipurpose Software Environment, Portegies Zwart et
al., 2009). For the case of DWDs, SEBA predictions were compared with other BPS
codes such as BINARY ¢ (Hurley et al., 2000, 2002) and STARTRACK (Belczynski et
al., 2008) by Toonen et al. (2014). The considered codes identify similar evolutionary
channels leading to DWD formation and have a rough agreement on WD masses, how-
ever differences in the mass transfer phase result in a different distribution of binary
orbital separations.

Starting from initial distributions of binary properties such as the distribution of
binary orbital parameters and component masses motivated by observations, SEBA is
left to run until both stars in the binary turn into WDs. Although the v-CE prescrip-
tion was designed and calibrated for DWD systems, to facilitate the comparison with
other works, this thesis employs both a- and ~y-prescriptions described in Sect. 1.1.
The main differences in the results are the total number of DWD binaries and their
mass ratio distribution. More specifically, using the v-CE recipe, one obtains twice as
many binaries that cover a wider range of mass ratios compared to the a recipe. In
contrast, the population obtained using the a-prescription typically peaks at a mass
ratio of 0.5 (see Toonen et al., 2012). This is due to the fact that, in the a-prescription,
the orbit always shrinks. When using the «-prescription the CE outcome depends on
the binary mass ratio (see, e.g., Equation (A.16) Nelemans et al., 2001): for a roughly
equal mass binary the orbit does not change much, however, for a binary with very
different mass components the orbit shrinks significantly.

The next step consists of assigning the spatial and age distributions for the syn-
thetic binaries, using a representative density profile and a star formation history
(SFH) for the Galaxy. For example, in Chapters 3 and 5 an exponential disc and
spherical bulge density distributions are used, normalised according to the SFH from
Boissier & Prantzos (1999) used to model the DWD population in the Milky Way. Fig-
ure 1.4 illustrates the resulting distribution in Galactic coordinates. An alternative
way of assigning a realistic spatial distribution for binaries is by using a cosmological
simulation. In this way one needs to relate the properties such as mass, metallicity
and age of each simulated particle with the outcome of a BPS code (e.g., Lamberts et
al., 2018). Finally, now knowing the spatial distribution of DWDs in the mock Galaxy
one can compute their observed properties.

2This is a component library with a homogeneous interface structure, and can be downloaded for
free at amusecode.org


amusecode.org

How to assemble a mock population of double white dwarf binaries

"9STOP JSOW 9} SUIOq MO[[PA :SUOID1P VST [erusjod oY) Jo A}suap
a1} sjuesardal mofod oY, “(8T0g) & 10 [0I03 WIOIJ S9YRUIPIO0D d1joR[RY) Ul YSIT Aq Po3odtep aq ued jey) sqA( Jo uonmqiunsig %1 2In3rg




8 Introduction

1.3 How to detect a double white dwarf binary in
electromagnetic radiation

There are several astronomical techniques that one can use to spot a binary amongst
single stars: photometry (by monitoring changes in brightness caused for example by
an eclipse); spectroscopy (by searching for periodic changes in spectral lines); and
astrometry (by measuring a deviation in a star’s position caused by an unseen com-
panion). In general, the first two are efficient techniques when searching for binaries
with orbital periods less than a few days. However, finding close DWDs is extremely
challenging. Firstly, because WD are intrinsically faint stars, and secondly, because
DWD spectra are virtually identical to those of single WDs. In addition, because WDs
are compact, their eclipse times are very short.

The current census of DWDs amounts to around a 100 systems (considering those
with orbital periods < 100h). The first DWD was observed in the late 1980s by Saf-
fer et al. (1988) and a handful more were discovered in the 1990s (e.g., Marsh, 1995;
Maxted & Marsh, 1999). The first substantial progress came with targeted spectro-
scopic and variability surveys such as the SPY (ESO SN Ia Progenitor, Napiwotzki et
al., 2003) and the ELM (Extremely Low Mass WDs) surveys (Brown et al., 2010). The
SPY project is a spectroscopic study of about > 1000 apparently single WDs to search
for radial velocity variations indicative of binarity. A substantial fraction (16%) WDs
of the sample indeed showed evidence for a close WD companion, among which also
a promising SNIa progenitor was found. The ELM is a very fruitful survey and has
resulted in the detection of several tens of short period binaries (see the period distri-
bution in Fig. 3.6). These extreme low-mass WDs (M < 0.3 M) were discovered as
a part of a colour selected sample of hyper velocity candidates from the Sloan Digital
Sky Survey (SDSS) by Brown et al. (2010). Although the applied colour selection
were originally designed to target late-B type stars, it turned out to be optimal also
for identifying low-mass WDs. Given that the Universe is simply not old enough to
produce such low-mass WDs by single star evolution, to explain the ELM’s findings,
binary companions are required. One of the ELM’s WDs, SDSS J065133.34+284423.4
(hereafter J0651), is a 12 min orbital period binary (Brown et al., 2011). This system is
a GW source stronger than the Hulse-Taylor Nobel prize binary pulsar and will merge
in ~ 1 million years (Hulse & Taylor, 1975). The rapid change of the orbital period
due to GW emission in systems like JO651 provide indirect test of general relativity.
Figure 1.5 shows the secular change in the orbital period of J0651 by constructing
an (O-C) diagram, where the observed mid-eclipse times (O) and the expected mid-
eclipse times computed from the assumption of a fixed orbital period (C) for future
epochs are compared (Hermes et al., 2012).

The number of observed DWDs will substantially increase with the upcoming fu-
ture all-sky and wide optical surveys like Gaia (Gaia Collaboration et al., 2016), the
Large Synoptic Survey Telescope (LSST; LSST Science Collaboration et al., 2009)
and fast transient surveys like the Zwicky Transient Facility (ZTF; Bellm et al.,
2019) and BlackGEM (Bloemen et al., 2015). The newly discovered DWD, ZTF
J153932.16+4-502738.8, with the orbital period of only 6.91 minutes is an excellent ex-
ample of the capabilities of the aforementioned surveys (Burdge et al. 2019, accepted
for publication in Nature Astronomy). Future prospects for the detection of close WD
pairs at optical wavelengths are extensively investigated in Chapter 3.
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Figure 1.5:

-0.1 ]
w OFAS P
£ b Y
3 0.1 N §
0.2 F . | | ]
-0.05 F— +—
oF 3
& 0.05F E
Z 01 3
0.15
0.2 PR B
-1 -0.5 0 0.5 1
Phase
20112 2011.4 2011.8 2011.8 2012 2012.2 2012.4
[ T T T T T T
0 : ....................... { .............................................. .
_2 F —
® McDonald Data
3 ® Gemini North Data
o =4 |- & Gran Telescopio Canarias Data
Y ¥
-6 Model-Dependent Light Curve Fits:
_g[ —— Observed dP/dt = (-9.8 + 2B) x 102 s/s
E — — Predicted dP/dt from only GR = (-8.2 + 1.7) x 10"'% s/s
-0 1 1 1 I
T T T T T T
O e
-2 b
LI J
g
© -8
Model-Independent Fourier Series:
g —— Observed dP/dt = (-10.2 + 35) x 10-'% s/s
=10 L

Top panels show high-speed photometry of J0651 folded at the orbital period.
Bottom panels show (O-C) diagrams of the orbital evolution in J0651. The top
panel shows the change in mid-eclipse times as determined by light curve mod-
elling, and the best-fit parabola yields an estimate for the observed rate of orbital
period change. The bottom panel shows the results from a model-independent,
linear least-squares fit using the orbital period and higher harmonics. The dot-
ted line at (O-C) = 0 shows the line of zero orbital decay, while the grey dashed
line shows the predicted orbital decay expected solely from gravitational wave

1 1
200 300
Time (BIDy, - 2455652)

100

radiation. Both figures are adopted from Hermes et al. (2012).



10 Introduction

1.4 How to detect a double white dwarf binary in
gravitational waves

A paramount breakthrough in astronomy occurred recently with the detection of GW
generated by merging binary BH, and binary NS systems (Abbott et al., 2016, 2017).
With these revolutionary detections a new window in observations of the Universe was
opened, providing a unique way to study merging ultra-compact binaries composed of
compact stellar remnants.

GWs are produced by the motion of large masses at relativistic speeds. More
precisly, GWs are ripples in the Riemannian curvature of space-time, the fundamental
dynamical entity in General Relativity. They propagate almost without alteration and
have the potential to carry information throughout the Universe, in principle, all the
way from the Big Bang. The practically unhindered propagation is due to the weakness
of the gravitational interaction as compared to other forces, and due to the fact, that
GWs cannot be screened by any type of matter field. Indeed, the charge associated
with the gravitational interaction is the mass, and therefore is always positive.

The first analytic computation of GWs is the Einstein’s quadrupole formula, valid
at the dominant zero order in a post Newtonian (PN) expansion (Einstein, 1916,
1918). Originally derived for matter sources with negligible self gravity (hence the
source’s oscillations producing GWs have a non gravitational origin), the formula was
later shown to be still valid for weakly self-gravitating sources, such as a Newtonian
binary system (Landau & Lifshitz, 1971). The GW amplitude is characterised by two
tensorial polarisation modes, traditionally denoted hy and h, that are transverse to
the direction of propagation n = (n) with i = 1,2,3 and n? = 1, pointing from the
GW source towards a faraway detector. Thus, a GW detector is sensitive to a certain
linear combination of the two polarisations:

h:h+F++h><F><7 (13)

where Fy and Fy describe the sensitivity of the detector to the polarisation and
depend upon the relative orientation of the source and the detector. The polarisations
are defined as the projection of the waveform along two polarisation vectors p and q
in the plane orthogonal to n, and forming with it an orthonormal right-handed triad
(n,Pp,q). The quadrupole formula gives the polarisations at a large distance d from
the source (and at retarded time ¢t — d/c) as

h oG [p=d'd\ [ 22Q,.
(hi) = Ad (M) { gz (L= dlo) +0<€PN>}7 (1.4)
2

where @);; is the mass quadrupole moment

Qi = /p (xixj — ;x2> d>x. (1.5)

The rate at which energy is carried away by GWs is given by

dEGW - G dSQij d3Qij 2
dt __505{ dt3  dt3 +Ofepn) (- (1.6)
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Similarly, the angular momentum loss can be found as

dJaw; G d*Q d*Qp 9
_ G 1.
dt 5c5€”k{ az ap Ol (1.7)

Equations (1.6) and (1.7) govern the evolution of the binary orbital parameters under
GW emission. For a circular binary composed of two point masses m and mso orbiting
around their common barycentre separated by a the quadrupole moment is given by

2
na
Qij(t) = TIij; (1.8)
where 1 = mims/(mi + my) is the reduced mass and non-null components of I;; are
Iz = cos(2wt) +1/3, I, = 1/3 — cos(2wt), Iy = Iy, +sin(2wt) and I, = —2/3. By
plugin equation (1.8) into equation (1.4), one finds that for a binary source the GW
polarisations become

(h+> _ 2G*uM ((1 + cos? i) cos(2¢)> 7 (19)

hx ctda 2cosi sin(2¢)

where M = mj 4+ mo is the total mass of the binary, i is the inclination angle of
the binary’s orbital plane with respect to the plane of the sky. In the quadrupole
formalism the phase of the signal is ¢gw = 2¢ with ¢ = [wdt the orbital phase and
w the angular frequency; while the signal frequency is fow = w/m = 2f.

The energy radiated in GWs can be found by combining equations (1.6) and (1.8)

as
dEcw 32G 4 4 ¢

=——= . 1.10
dt 5ol (1.10)
This is the energy loss that drains the binary orbital energy Eob, = —2GMpu/2a.
Thus, dEom/dt = GMua/2a* = —dEgw /dt. Using Kepler’s third law a® = GM /w?

and its derivative @ = —2aw/3w one can eliminate a in favour of w and write

311 3,11
96\ w 96\ w
3 _ 5,3072 — 5

having defined the chirp mass M = (u*M 2)1/5, which determines how fast the binary
sweeps, or chirps, through a frequency band. Equation (1.11) describes the evolution
of the system as an inspiral: orbital frequency goes up (chips), while by Kepler’s Law
the orbital separation shrinks. One can express equation (1.11) in therms of GW

frequency as
, 96 GM\®® 11
faw = 3778/3 (Cg) cl;iz{ld (1.12)

Note, that when wa is measurable, the value of the chirp mass can be determined
directly from GW observational data, using the frequency and frequency derivative of
GWs. By integrating equation (1.12) from a time ¢ to the time of coalescence 7 and
solving for 7, one can estimate how long it takes for a binary to merge due to GW
emission:

5 cdat

-0 _ca 1.1
T 256 GB M2y (1.13)
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For example, the 12 min DWD system J0651 (Brown et al., 2011) with binary com-
ponent masses of 0.55 Mg and 0.25 Mg will coalesce in

po\8/3 Mo\
~1Myr [ ——— . 1.14
T r <12min) (0.31\/1@) (1.14)

As the frequency of the binary changes, the amplitude of GW polarisations defined in
equation (1.9) changes as well. Note, that since G is small and c is large (unless M is
large, the system is changing fast, and d is small) typically % is minuscule. For J0651
at the distance of ~ 1kpc

p o\ 23 MO g\
~ 1. 10722 | —— . .
he 16210 (12min) (0.3M@> (lkpc) (1.15)

Note also, that the GW amplitudes (equation 1.9) fall with increasing distance as
1/d, while for EM observations the strength of the observed signal falls as 1/d?. This
is an important difference between GW and EM astronomy that makes it possible
to detect GW sources very early in the evolution of the Universe. By measuring
fow, rate of change of frequency fGW and amplitude of the signal h, one can use
equations (1.12) and (1.9) to eliminate all the unknowns and solve for the distance d
to the GW source (e.g., Schutz, 1986). Therefore, GW sources constitute an analogue
of the standard candles of EM-based astronomy (like Cepheid variables and SNIa),
and can rightly be called “standard sirens”. Thus, it is possible to measure the Hubble
cosmological parameter Hy with GWs if also the redshift to the source is known from
EM measurements (e.g., Abbott et al., 2017; Nissanke et al., 2013; Tamanini et al.,
2016). Note also, that GWs are stretched by the expansion of the Universe as they
travel across it. This increases the wavelength and decreases the frequency of the
waves observed at the detector compared to their values when emitted. The same
effect accounts for the redshifting of photons from distant objects. The impact of
this on GW measurement corresponds to a scaling of the masses as measured at the
detector; equation (1.12) shows that the source frame masses are smaller by (1 + 2)
relative to the detector frame, where z is the redshift. For Galactic binaries considered
here, this effect is negligible.

Given the long timescales on which DWDs evolve (equation 1.13) compared to the
observation time Typs (a few years for the LISA mission), they can be, initally, treated
as quasi-monochromatic GW sources. In this case the signal-to-noise can be estimated
as (see Maggiore, 2008, and Appendix A for a detailed derivation):

2
SN\ Fihy + Fyhye®? Tobs 1.16
S

N (faw)’

where e'® is the relative phase between two polarisations and S,, is the instrument noise
spectral density of the detector expressed in Hz~! (green solid line in Figure 1.7).



How to detect a double white dwarf binary in gravitational waves 13

Earth 2.5 million kM

Sun

Figure 1.6: LISA’s orbit. The Figure is adopted from Amaro-Seoane et al. (2017).

1.4.1 Laser Interferometer Space Antenna

The LISA mission is a large ESA mission and one of the most ambitious scientific
observatory missions ever contemplated. LISA is designed to detect GW sources in
the low-frequency GW band (0.1 mHz - 1 Hz) by measuring pico-meter scale changes
in the distances between test particles. Practically, such accuracy can be realised by
constructing a giant laser interferometer in space. The first ideas for detecting GWs in
space date back to the 1980s. Since then various mission concepts have been formulated
and studied, including the original LISA mission proposed in 1993 (Danzmann et al.
1993). Over the last few decades the likelihood of making LISA a reality was uncertain
mostly due to its high costs and the necessity of developing new technologies. Finally,
after a number of modifications and a reduced budget it was adopted by ESA in 2017
with a potential launch date in the early 2030s (Amaro-Seoane et al., 2017).

In principle, LISA can be thought of as a combination of Michelson interferom-
eters, all of which measure changes in the proper distance between reference points:
test masses that form the end mirrors of the interferometer arms. The experimental
approach is however closer to that of spacecraft Doppler tracking, in which the ob-
served quantity is the frequency change in the signal from a distant spacecraft realised
with infrared laser light instead of radio waves (Estabrook & Wahlquist, 1975). The
current accepted LISA design consists of three spacecrafts in an equilateral triangle
configuration of 2.5 million km per side (Figure 1.6, Amaro-Seoane et al., 2017). Each
pair of spacecrafts will be connected by two counter propagating laser “links” repre-
senting an actual laser interferometer. The laser light going out from one spacecraft
to the other corners of the LISA triangle is not reflected back directly. This is because
diffraction losses over such long distances would be too great to perform the measure-
ment. Instead, the laser on the distant spacecraft is phase-locked to the incoming
light and transmitted back at full intensity. When the transponded laser light arrives
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back at the original spacecraft, it is superposed with a portion of the original laser
beam, which serves as the local oscillator in a standard heterodyne detection scheme.
The relative phase between the local reference laser and the incoming laser light gives
information about the length of the interferometer arm. When passing, GWs alter
the distance in different proportions for the individual arms depending on the wave’s
polarisation and orientation with respect to the detector. Measuring differences in
phase between a pair of LISA’s arms gives information about the relative changes in
the two arms - the GW signal. The heart of each spacecraft is a vacuum enclosure
containing a free flying polished platinum-gold cube - the “proof mass”, that serves as
an inertial reference for the local optical assembly. The spacecraft surrounding each
pair of optical assemblies serves primarily to shield the proof masses from the adverse
effects of solar radiation pressure fluctuations; the spacecraft positions do not enter
directly into the measurements.

The mission concept has already been successfully tested by the LISA Pathfinder
mission, the ESA precursor mission to LISA (Armano et al., 2016). LISA Pathfinder
has demonstrated that the sophisticated space-time measurements that are the core
metrology for a space GW observatory are indeed feasible, at and beyond the precision
required by LISA (Armano et al., 2018). As a consequence of these results, exceeding
the mission requirements, ESA has given a final green light to the development of
LISA.

The centre of the LISA triangle will trace an orbit in the ecliptic plane, 1 AU from
the Sun and 20° behind Earth, and the plane of the triangle is inclined at 60° to the
ecliptic (see Figure 1.6). The natural free-fall orbits of the three spacecraft around
the Sun maintain the triangular formation throughout the year, with the triangle
appearing to rotate about its centre once per year. The proposed nominal mission
duration is 4 years in science mode. However, the mission is designed with consumables
and orbital stability to facilitate a total mission up to 10 years (Amaro-Seoane et al.,
2017).

LISA’s design allows the measurement of gravitational radiation over a broad fre-
quency band in which the Universe is richly populated by strong GW emitters. LISA
will be sensitive to a variety of astrophysical sources (see also Figure 1.7), such as
merging massive black hole binaries (~ 10* Mg — 10" Mg) out to z ~ 15 — 20 (e.g.
Klein et al., 2016), extreme mass ratio inspirals (EMRI, e.g. Babak et al., 2017) and
Galactic binaries (Breivik et al., 2018; Korol et al., 2017; Kremer et al., 2017; Lam-
berts et al., 2018). The Galactic binaries are comprised primarily of WDs, neutron
stars and stellar-origin black holes in various combinations, among which DWDs are
the most numerous. At frequencies below a few mHz Galactic binaries are so common
in the Milky Way that only a small fraction will be resolved individually (blue points
in Fig. 1.7). For these systems LISA will provide distances and detailed orbital and
mass parameters for hundreds of the most compact binaries, a rich trove of informa-
tion allowing the detailed mapping and reconstruction of the history of stars in our
Galaxy. Therefore, LISA will be the only gravitational experiment capable of explor-
ing the Milky Way. In addition, LISA measurements will be a source of information for
studying the tidal and non-gravitational influences on orbits associated with the inter-
nal physics of the compact stellar remnants themselves. The signals from unresolved
Galactic GW sources will sum up to form a foreground (grey shaded area in Fig. 1.7)
for the LISA mission (e.g., Farmer & Phinney, 2003; Lipunov et al., 1995; Robson
& Cornish, 2017). It is important to characterise this foreground signal to correctly
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Figure 1.7:
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Characteristic strain amplitude of GW sources in the frequency band of LISA.
LISA sensitivity curve is represented in green. The tracks of three equal mass
black hole binaries at z = 3 with total intrinsic masses of 107, 10% and 10° Mg
are represented by coloured lines. The 5 simultaneously evolving harmonics of
an EMRI at z = 1.2 are in red, and the tracks of a number of stellar origin
black hole binaries are in black (GW150914 is in blue). Several thousand galac-
tic binaries are represented by blue points, and those that are already known
by blue stars. Millions of other binaries result in a “confusion signal”, with a
detected amplitude that is modulated by the motion of the constellation over
the year; the average level is represented as the grey shaded area. The Figure
is adopted from Amaro-Seoane et al. (2017).
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identify and characterise extragalactic GW signals such as massive black hole mergers.
However, the Galactic foreground also contains astrophysical information on the over-
all population of DWDs in the Milky Way and can be also used to derive the Milky
Way’s parameters such as the disc scale height (Benacquista & Holley-Bockelmann,
2006).

A major objective of LISA is to determine how and when massive black holes,
present in most galactic nuclei today, have formed and grown over cosmic time (e.g.,
Dayal et al., 2018; Klein et al., 2016; Volonteri, 2010). It will explore almost all
the mass-redshift parameter space relevant for reconstructing their evolution. The
GW signal from coalescing black holes reveals their spin and redshifted mass, and
the distribution of masses and spins will be studied to differentiate between different
formation scenarios.

By observing highly relativistic black hole - black hole mergers, LISA will provide
exceptionally strong tests of the predictions of General Relativity. The signal of merg-
ing binary black holes, interacting strongly with each other, where maximally warped
vacuum spacetimes propagate at near the speed of light, allow the study of the full
nonlinear dynamics of the theory of gravity (e.g., Barausse et al., 2016; Berti et al.,
2016; Brito et al., 2017). By observing the signal of stellar black holes skimming the
horizon of a large massive black hole at the centre of a galaxy, LISA will measure the
mass, spin and quadrupole moment of the central object testing its level of “Kerrness”;
thus testing the black hole hypothesis, and the no-hair conjecture (e.g., Barack &
Cutler, 2007). LISA’s contribution will be complementary to recent discoveries from
direct imaging of black hole’s shadow by the Event Horizon Telescope (EHT, Event
Horizon Telescope Collaboration et al., 2019).

Finally, a space-based gravitational wave detector will probe new physics and cos-
mology, and will search for unforeseen sources of gravitational waves. The LISA fre-
quency band in the relativistic early Universe corresponds to horizon scales where
phase transitions of new forces of nature or extra dimensions of space may have caused
catastrophic, explosive bubble growth and gravitational wave production.

1.5 Thesis outline

This thesis focuses on the study of Galactic ultra-compact detached DWD binaries
as electromagnetic and gravitational wave sources. The main goal of this work is
to broaden the scientific potential of GW sources detectable by LISA for Galactic
studies and near-field cosmology. More importantly, this thesis aims to bridge GW and
observational astronomy exploring the synergies between LISA and currently available,
and future EM facilities. The results of this thesis represent an essential asset to
forecast and design observational strategies for both EM and GW detectors in order
to address a wealth of outstanding questions such as: How do ultra-compact binaries
form? What is their final fate? How are they distributed in the Galaxy; and what
does that tell us about the formation and evolution of the Milky Way? To address
this overall goal, this thesis focuses on the following independent but complementary
questions:

e What is the current census of potential multi-messenger GW+EM Galactic bi-
naries?

e What are the future prospects for Galactic multi-messenger astronomy?
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e How far beyond our Galaxy can LISA detect DWDs; and what are the properties
of extra-galactic DWDs?

e What can we learn about the Milky Way by combining GW and EM observa-
tions?

Chapter 2 re-analyses the sample of the so-called verification binaries, i.e. known
DWDs (from optical or X-ray observations) with expected GW signals above the
LISA detection threshold. Predicting their GW signals depends on the masses of the
binary components, their orbital separation, inclination and the distance. Prior to the
Gaia mission, distances have been the most uncertain of these parameters. In this
Chapter using state-of-the-art parallax measurements from the Gaia Data Release 2,
the distances to the verification binaries are derived. This study shows that for the
systems under investigation Gaia provides accurate distances for binaries which are at
most a few hundred parsec away. These new measurements lead to the identification
of 13 verification binaries: 9 AM CVn stars, 3 detached DWDs and 1 hot subdwarf. In
particular, this study for the first time confirms a hot subdwarf (CD-30°11223) to be
a guaranteed LISA source. Distances derived from Gaia parallaxes for CD-30°11223
and AM CVn also allow the GW amplitudes to be constrained to better than 5% and
10% respectively. For the remaining verification binaries the uncertainty of the GW
amplitudes are now dominated by the uncertainties on the components’ mass.

Chapter 3 outlines prospects for detection of new Galactic ultra-compact detached
DWD in the next two decades with Gaia, LSST and LISA. Using a mock population
of DWD, the expected number of eclipsing detached DWD is computed for Gaia and
LSST. In addition, the efficiency of detecting eclipsing systems with Gaia and LSST is
analysed as a function of binary orbital period. This chapter outlines an analytic recipe
for the signal-to-noise ratio calculation of monochromatic GW sources. Using this
analytic calculation 25 thousand GW signals are foreseen to be individually resolved
by LISA. Finally, this chapter shows that several tens of combined EM and GW
detections will be available when all three instruments will be operational, enabling
future joint EM and GW (multi-messenger) studies. This chapter also describes the
physical properties of these samples and compares them to the current data.

So far only detection prospects for the Milky Way have been predicted. Chapter 4
shows that LISA has the potential to (individually) detect DWD systems also in the
neighbouring galaxies, almost reaching the edge of the Local Group. It demonstrates
that in the LMC and SMC, LISA can detect DWDs with P < 20 min and M > 0.1 Mg,
while in M31 LISA will be sensitive to those with P < 10min and M > 0.6 Mg. It
is important to highlight that this parameter space defines double degenerate SNla
progenitor systems, that are virtually undetectable in external galaxies in the optical
band. This means that LISA may be our best tool for validating the double degenerate
SNIa formation channel. In this chapter quantitative estimates for detections in the
Andromeda galaxy are provided. The expected number of detectable GW sources in
Andromeda can be as high as a few, to several tens, all potential SNIa progenitors.

Chapter 5 proposes joint EM and GW observations of DWDs for constraining
the shape of both Milky Way’s stellar disc and bulge. It shows that GW signals from
DWDs can be used for tracing the Galactic structure. In particular, it demonstrates
that the distribution of individually resolved LISA detections will provide constraints
on the Milky Way scale parameters, such as the scale radii and the scale height of
the bulge and the disc. The power to constrain the overall properties of the Galactic
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baryonic potential will be significantly enhanced by using GWs in combination with
EM observations. The success of this synergy is due to LISA’s ability to localise
binaries through virtually the whole Galactic plane, thus mapping its shape, while
optical observations yield the motion of stars, tracing the underlying total enclosed
mass.

1.6 Future outlook

This thesis constitutes a first exploratory step towards the future Galactic multi-
messenger (EM+GW) astronomy. By considering exclusively detached DWD binaries
this work demonstrates that large samples of DWD can be discovered in EM and
GW, with a significant overlap between the two, with the future facilities. Thus, a
multi-messenger sample can be used for investigating not only evolution of close binary
systems but also our Galaxy and the entire Local Group. Although other Galactic
ultra-compact binaries such as AM CVn stars, hot subdwarfs and WD-NS binaries
are not expected to be as numerous as detached DWD systems, they could have an
advantage for multi-messenger synergies due to being brighter EM sources. Therefore,
it is important to make similar assessments for these systems as has been done for
DWDs.

Current BPS models of Galactic ultra-compact binaries are either designed to
forecast EM observations, thus fine-tuned on nearby binaries neglecting the large scale
structure of the Galaxy, or they are exclusively designed to model LISA data and
are not calibrated on available observations. However, to forecast multi-messenger
observations and assess synergies between EM facilities and the LISA mission the
combination of both approaches is crucial. Hence, the next major step to broaden
this work is to build one complete catalogue that includes all possible GW sources
self-consistently generated by one BPS code. To build such a catalogue a detailed
knowledge of the Galaxy, including the structure, dynamics, and dust distribution,
which also account for the latest discoveries made using the Gaia data, is also required.
Such a catalogue would represent an important tool for testing LISA science cases in
the mission preparation phase.

It is of fundamental importance to continue testing BPS models against new ob-
servations because in the upcoming years, prior to the LISA launch, more and more
ultra-compact binaries will be discovered with the advent of more powerful optical
surveys. Some of the most prolific instruments in the optical wavebands will be Gaia
(Gaia Collaboration et al., 2016), ZTF (Bellm et al., 2019), BlackGEM (Bloemen et al.,
2015), LSST (LSST Science Collaboration et al., 2009), which will be complemented
with surveys in other frequency bands (e.g. eROSITA and Athena in the X-rays and
perhaps upcoming UV missions). The detailed follow-up for many sources will likely
be completed with the next generation facilities such as the Extremely Large Telescope
(ELT) or James Webb telescope and will allow precise EM studies of ultra-compact
binaries. The future is “bright” for this research field ready for detailed EM+GW
studies as soon as LISA starts observing.

Finally, one should not consider that all LISA science cases are fully explored, as
these were assessed over the last decades by at least a few (scientific) generations.
Instead, it is important to keep up with the latest astronomical discoveries to broaden
the range of synergies with different topics. A good example, related to the topics
investigated in this thesis, is the exploitation of the secondary effects in GW signals
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for the identification of tertiary companions or circumbinary exoplanets (Robson et
al., 2018; Steffen et al., 2018; Tamanini & Danielski, 2018). One should not forget that
LISA is an exploratory mission, the first mission of its kind, and, as such, it allows us
to work to the edge of our scientific imagination.
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Chapter 2

LISA verification binaries with
updated distances from (Gaia
Data Release 2

Kupfer, T., Korol, V., Shah, S.; et al. 2018, MNRAS, 480, 302

Ultra-compact binaries with orbital periods less than a few hours will dominate the
gravitational wave signal in the mHz regime. Until recently, 10 of the known systems
were predicted to have a predicted gravitational wave signal strong enough to be de-
tectable by the Laser Interferometer Space Antenna (LISA), the so-called “verification
binaries”. System parameters, including distances, are needed to provide an accurate
prediction of the expected gravitational wave strength to be measured by LISA. Us-
ing parallaxes from Gaia Data Release 2 we calculate signal-to-noise ratios (SNR) for
~ 50 verification binary candidates. We find that 11 binaries reach a SNR>20, two
further binaries reaching a SNR>5 and three more systems are expected to have a
SNR=s5 after four years integration with LISA. For these 16 systems we present pre-
dictions of the gravitational wave amplitude (A) and parameter uncertainties from
Fisher information matrix on the amplitude (A) and inclination (7).

21
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2.1 Introduction

The Laser Interferometer Space Antenna, (LISA) will be the first gravitational wave
observatory in space (Amaro-Seoane et al., 2017). Operating in the low frequency part
of the gravitational wave (GW) spectrum (104 — 1 Hz), LISA has been selected as
ESA’s third large mission of the Cosmic Vision Program. Amongst many other astro-
physical sources, LISA will allow us to observe millions of ultra-compact (Galactic)
binaries (UCBs) with orbital periods (P, ) shorter than a few hours (Amaro-Seoane
et al. 2017) from which we will be able to individually resolve several thousands (e.g.
Nelemans et al. 2004; Ruiter et al. 2009; Breivik et al. 2018; Kremer et al. 2017,
Littenberg et al. 2013; Nissanke et al. 2012; Ruiter et al. 2010; Shah et al. 2012; Yu
& Jeffery 2010). As indicated by their tight orbits, these systems are composed of
degenerate stellar remnants, such as white dwarfs, neutron stars or stellar-mass black
holes. Up to now several such sources have been detected in the electromagnetic (EM)
bands. These include detached (Brown et al., 2016) and semi-detached double white
dwarfs (the latter called AM CVn type binaries; Solheim 2010), and semi-detached
white dwarf-neutron star binaries (so-called ultra-compact X-ray binaries; Nelemans
& Jonker 2010) and double neutron stars (Lyne et al., 2004).

A subset of the known UCBs have orbital periods that lie in the LISA band and
these will be individually detected due to their strong GW signals. These LISA-
guaranteed sources are termed “verification binaries” with some being expected to be
detected on a timescale of weeks or a few months (Stroeer & Vecchio, 2006). Therefore,
they are crucial in facilitating the functional tests of the instrument and maximising
the scientific output of LISA. So far we know of ten such systems, most of them
being semi-detached AM CVn type: HM Cnc, V407 Vul, ES Cet, AM CVn, SDSS
J190817.07+394036.4 (SDSS J1908), HP Lib, CR Boo, and V803 Cen (Espaillat et
al., 2005; Green et al., 2018; Kupfer et al., 2015; Ramsay et al., 2005; Roelofs et al.,
2006, 2007; Strohmayer, 2004). The remaining two are detached binary white dwarf
systems: SDSS J065133.34+284423.4 (SDSS J0651) and SDSS J093506.92-+441107.0
(SDSS J0935) (Brown et al., 2011; Kilic et al., 2014).

Predicting the gravitational wave strain depends on the masses of the binary com-
ponents, which, together define the chirp mass (defined in Section 2.3.3), the orbital
inclinations of the systems and their distance. Masses can be obtained, within limits,
from optical spectroscopy and photometry, combined with the Roche-lobe geometry.
In favourable situations, such as eclipsing systems, the orbital inclination can be de-
termined from time-resolved spectroscopy and photometry (e.g. Brown et al. 2011),
but it is generally rather poorly constrained. So far, distances remained the largest
uncertainty. Only five of the known 52 semi-detached AM CVn type systems have
HST-based parallaxes (Roelofs et al., 2007): AM CVn, HP Lib, CR Boo, V803 Cen
and GP Com. Ground-based parallaxes were derived for AM CVn (C.Dahn, as quoted
by Nelemans et al. 2004), GP Com (Thorstensen, 2003) and V396 Hya (Thorstensen
et al., 2008). The remaining systems have distance estimates based on the compari-
son of model fluxes with the observations. These are considered highly uncertain as
they require good knowledge of system parameters such as mass ratios, donor prop-
erties and accretion rates. Of the detached verification binary candidates, only one
(WD 1242-105; Debes et al. 2015) has a parallax measurement. The remaining systems
have indirect distance estimates based on the comparison of measured temperatures
and surface gravities with stellar models (e.g. Althaus et al. 2013; Brown et al. 2016;
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Table 2.1: Physical properties of the known verification binaries. Masses and inclination
angles in brackets are assumed and based on evolutionary stage and mass ratio

estimations

Source lGal bcar  Orbital period my mo )
(deg) (deg) (sec) (Mo) (Mo) (deg)

AM CVn type
HM Cnc'? 206.9246  23.3952 321.529  0.55 0.27 ~38
V407 Vul® 57.7281 6.4006 569.395  [0.840.1] [0.17740.071]  [60]
ES Cet* 168.9684 —65.8632 620.21  [0.840.1] [0.16140.064]  [60]
SDSS J135154.46° 328.5021  53.1240 943.84  [0.840.1] [0.10040.040]  [60]
AM Cvn®7 140.2343  78.9382 1028.73  0.6840.06 0.12540.012 4342
SDSS J190817.07%° 70.6664  13.9349 1085.7  [0.840.1] [0.08540.034] 10 - 20
HP Lib!0:11 352.0561  32.5467 1102.70  0.49-0.80 0.048-0.088 26-34
PTF1 J191905.19*2 79.5945  15.5977 1347.35  [0.840.1] [0.066+0.026]  [60]
CXOGBS J175107.6"% 359.9849  -1.4108 1375.0  [0.840.1] [0.06440.026]  [60]
CR Boo!l1* 340.9671  66.4884 1471.3  0.67-1.10 0.044-0.088 30
V803 Cen'!1® 309.3671  20.7262 1596.4 0.78-1.17 0.059-0.109 12-15
Detached white dwarfs
SDSS J065133.34'%17 186.9277  12.6886 765.5 0.24740.015  0.4940.02 86.911°8
SDSS J093506.92%1° 176.0796  47.3776 1188.0  0.312+0.019  0.7540.24 [60]
SDSS J163030.58'%20  67.0760  43.3604 2389.8  0.298+0.019 0.7640.24 [60]
SDSS J092345.59'%21 195.8199  44.7754 3883.7 0.275+0.015 0.7640.23 [60]
Hot subdwarf binaries
CD-30°11223%2 322.4875  28.9379 4231.8  0.54+0.02 0.7940.01 82.940.4

I Strohmayer (2005); 2 Roelofs et al. (2010);  ® Ramsay et al. (2002); % Espaillat et al. (2005);
5 Green et al. (2018); 9 Skillman et al. (1999); 7 Roelofs et al. (2006); & Fontaine et al. (2011);
9 Kupfer et al. (2015); 19 Patterson et al. (2002); ! Roelofs et al. (2007); 2 Levitan et al.
(2014); '3 Wevers et al. (2016);  *Provencal et al. (1997);  ® Roelofs et al. (2007);

16 Brown et al. (2011); 7 Hermes et al. (2012); '8 Brown et al. (2016); % Kilic et al. (2014);
W Kilic et al. (2011); 2! (Brown et al., 2010); 22 Geier et al. (2013);

Istrate et al. 2014).

In April 2018, the Gaia collaboration released sky positions, parallaxes, and proper
motions for more than 1.3 billion sources, with a limiting magnitude of G = 21 mag
(Gaia Collaboration et al., 2016, 2018). Here we present new results on the predicted
gravitational wave signal detectable by LISA for known Galactic binaries using dis-
tances from Gaia Data Release 2 (DR2) and the current LISA baseline configuration.
We calculate updated signal-to-noise (SNR) ratios. For the loudest known verifica-
tion binaries with SNR> 5, we extract their GW parameter uncertainties using Fisher
information matrix. For our analysis we define systems as verification binaries if the
binary 1) is detected in the electromagnetic bands and 2) its SNR is > 5 after 4 years
of integration which is the nominal mission time for LISA.

2.2 The sample of verification binaries

Observationally, the known sample of 10 verification binaries is strongly biased and in-
complete. This sample includes AM CVn, CR Boo, V803 Cen and ES Cet, which were
all found as “outliers” in surveys for blue, high-Galactic latitude stars. The selection
effects are difficult to accurately quantify and therefore not easy to model. HM Cnc
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and V407 Vul are the most compact known systems and were discovered during the
course of the ROSAT All-Sky Survey showing an on/off X-ray profile modulated on
a period of 321 and 569 sec respectively (Israel et al., 1999; Motch et al., 1996).
Their ultra-compact nature was later confirmed with optical observations (Israel et
al., 2002; Ramsay et al., 2000, 2002; Roelofs et al., 2010). SDSSJ1908 was found as a
short-period variable in the original Kepler field, where it was targeted as a potential
subdwarf B-star pulsator (Fontaine et al. 2011; Kupfer et al. 2015).

Extremely low mass (ELM) white dwarf binaries such as SDSS J0651 and SDSS J0935
were discovered as part of a colour selected sample of B-type hypervelocity candidates
from the Sloan Digital sky survey (SDSS; Brown et al. 2016 and references therein).
ELM white dwarfs can be separated efficiently from the bulk of white dwarfs with a
colour selection.

Studies of UCBs have been conducted almost exclusively at high Galactic latitudes
and in the Northern hemisphere. It is therefore likely that more ‘AM CVn’-like sys-
tems are awaiting discovery in the Southern hemisphere and at low Galactic latitudes.
Binary population studies predict that LISA will detect several thousand detached
and semi-detached double white dwarfs as well as a few tens of neutron star or black
hole binaries with a population strongly peaking towards the Galactic Plane/Bulge
(e.g. Nelemans et al. 2004). These studies suggest that about an equal fraction of
semi-detached and detached systems are expected but the models over predict the
number AM CVns observed in surveys like SDSS by at least a factor 10 (Carter et al.,
2013; Roelofs et al., 2007), so the detached systems may well dominate. Most of the
detached systems are predicted to consist of a carbon/oxygen + helium white dwarf
binary system (Liu et al., 2010; Nelemans et al., 2001; Nelemans, 2013; Ruiter et al.,
2010; Yu & Jeffery, 2010).

Although the currently known sample is still limited, upcoming and ongoing large
scale high-cadence variability surveys which also cover low Galactic latitudes such as
OmegaWhite (Macfarlane et al. 2015), ZTF (Bellm 2014), BlackGEM (Bloemen et al.
2015), GOTO (Steeghs 2017), Gaia and LSST (see Korol et al. 2017 for both) have the
potential to discover an unbiased sample of LISA verification binaries. Indeed Korol
et al. (2017) show that Gaia, LSST and LISA have the potential to detect respectively
hundreds, thousands and tens of thousands of new ultra-compact double white dwarfs.

2.3 Methods

2.3.1 Mass assumption for systems without constraints

Mass estimation for AM CVn type systems are difficult because only the accretion disc
and in some cases the accretor is visible in the spectra. So far the only AM CVn systems
with direct measurements of the donor and the accretor mass are eclipsing systems.
Copperwheat et al. (2010) found precise masses for SDSS J092638.71+362402.4 and
more recently Green et al. (2018) derived precise masses for the first fully eclipsing
AM CVn type system: Gaial4aae. Both systems show a high accretor mass of 0.85
and 0.87 Mg respectively. Additionally, both systems have donor stars which are
inconsistent with a zero-temperature fully degenerate star. In both cases the donor is
larger and more massive compared to what it is expected for a fully degenerate donor.
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Table 2.2: Measured EM properties (parallax, distance) and derived GW parameters (f, A,
signal-to-noise ratio SNR) of the known verification binaries. The distance for
HM Cnc is assumed. The strain amplitude (A) is given in units of 10723, The
SNR is calculated for four years integration with LISA.

Source f w Ow d o4 A SNR
(nHz) (mas) (mas)  (pc) (pc)

AM CVn type systems

HM Cnc 6.22 - - [5000] - 6.4 211.1£3.18
V407 Vul 3.51  0.095 0.327 1786 667 11.0£5.9 169.7+2.17
ES Cet 3.22  0.596  0.108 1584 291  10.7£4.6  154.3+2.09
SDSS J135154.46-064309.0 212 0.596  0.313 1317 531 6.2£3.5 21.840.24
AM CVn 1.94 3.351 0.045 299 4 28.3+3.2 101.24+0.96
SDSS J190817.07+394036.4 1.84 0954 0.046 1044 51 6.1£2.4 20.3+0.13
HP Lib 1.81  3.622  0.052 276 4 175439 43.7+0.28

PTF1 J191905.194+481506.2 1.48 0.550 0.327 1338 555  3.2+1.8 4.040.02
CXOGBS J175107.6-294037 1.45 1.016 0.146 971 156  4.2+1.8 4.540.02
CR Boo 1.36 - - 337" FY 134442 21.940.13
V803 Cen 1.25 - - 347 Y 16.0454  26.240.17
detached white dwarfs

SDSS J065133.34+284423.4 2.61 1.000 0.476 933 493 16.248.6  90.1+1.13
SDSS J093506.92+441107.0 1.68 - - 645° 41 299477  44.940.31
SDSS J163030.58-+423305.7 0.84 0.937 0.270 1019 357 11.544.9 4.6+0.03
SDSS J092345.59-+302805.0 0.51 3.340 0.173 299 10 26.4+6.5 5.6+0.06
hot subdwarf binaries

CD-30°11223 0.47 2963  0.080 337 9 41.5+1.8 4.940.04

@Roelofs et al. (2007), *Brown et al. (2016)

A large number of AM CVn systems have indirect constraints on the mass ratio (¢)
from the empirical relation of the superhump excess (Knigge, 2006).

g = (0.114 % 0.005) 4 (3.97 £ 0.41) x (¢ — 0.025) (2.1)

where € = % is the superhump excess. This is an empirical relation which gives
similar results to that of Patterson et al. (2005) but with the inclusion of uncertainties
on the fit parameters. The relation was derived for hydrogen-dominated cataclysmic
variables but has not yet been well tested for AM CVn type systems. Green et al. (2018)
applied the equation to 11 AM CVn systems with a measured superhump excess to
derive the mass and radius for the donor under the assumption of an 0.7+0.1 Mg,
accretor. None of the tested systems are consistent with a fully degenerate donor but
they are on average about 2.5 times the mass compared to a zero-temperature fully
degenerate donor.

Based on this result and the measurements from the eclipsing systems we assume for
systems without constraints on the component masses an accretor mass of 0.8+£0.1 Mg,
and a donor mass 2.5 times the mass for a zero-temperature donor star. For the donor
star we allow an error range of 1.5 — 3.5 times the minimum mass. System properties
for each system are given in Table 2.2.
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2.3.2 Distance determination from Gaia DR2 parallaxes

Gaia DR2 provides parallaxes, not distances. In this Section we explain the procedure
we adopt to convert parallaxes into distances.

To estimate distances from the measured parallaxes a probability-based inference
approach is required (e.g. Astraatmadja & Bailer-Jones, 2016; Bailer-Jones, 2015;
Bailer-Jones et al., 2018; Igoshev et al., 2016; Luri et al., 2018). Essentially, be-
cause any measured parallax () follows a probability distribution, we can infer the
distance in a probabilistic sense, if we make an assumption about the true distribution
of observed sources in space (i.e. the prior distribution). Using Bayes’ theorem the
posterior probability density of the possible values for the distance can be expressed
as

P(d|w,0m) = % P(w|d, o) P(d);
0o (2.2)
Z :/0 P(w|r,o) P(r)dr,

where Z is the normalisation constant, P(w|d, 0,) is the likelihood function and P(d)
is the prior. The likelihood expresses the probability to measure the parallax w for
the source at the distance d with an uncertainty of the measurement 0. For Gaia
measurements we can assume a Gaussian noise model (Lindegren et al., 2018) and
write the likelihood as

P(w|d,on) = \/ﬂ%mﬂexp l—20112v <w — cll> ] . (2.3)

The prior P(d) contains our assumption about the distance distribution of the sources.
For measurements with fractional parallax errors o, /w less than about 0.1 — 0.2, the
distance estimates are mainly independent of the choice of prior. However, for larger
fractional errors the quality of the distance estimates heavily depends on how well
the prior reflects the true distribution of distances for the population of sources (e.g.
Astraatmadja & Bailer-Jones, 2016; Bailer-Jones, 2015). For this work we adopt an
exponentially decreasing volume density prior

Pd) = %exp(—d/L) ifd>0, (2.4)
0 otherwise, '

where L > 0 is the scale length. This prior performs well for a generic population,
but fine-tuning is required to find the appropriate scale length L that describes LISA
verification binaries (Astraatmadja & Bailer-Jones, 2016). We calibrate the value of
L using the mock catalogue of detached double white dwarf binaries from Korol et al.
(2017). The catalogue was obtained using the binary population synthesis model of
Nelemans et al. (2001); Toonen et al. (2017) and designed to test the detectability of
these binaries by Gaia, LSST and LISA. We select binaries in the catalogue with Gaia
G magnitude < 21 and where parallax fractional error! > 0.2. A straightforward way
of fine-tuning the value of L is to fit the distribution of synthetic binaries with the
distance. Another way consists of finding the value of L that minimises the bias on
our estimates due to a particular choice for L itself (e.g. Marchetti et al., 2018). The

1The errors on parallax for the mock population are estimated using PyGaia python tool kit.
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Figure 2.1: Distribution of synthetic detached double white dwarf binaries with distance
from Korol et al. (2017) (blue line) and two exponentially decreasing volume
density priors: L = 250 pc (dashed black line) and L = 400 pc (solid black
line).

latter implies the following calculations. For each binary we determine the mode of the
posterior distribution P(d|w, o). The mode is an unbiased estimator and provides
meaningful estimates when the posterior is highly asymmetric. To determine the mode
of P(d|w, o) given our choice of the prior, we set the derivative of the posterior to
be equal to zero and solve the equation (Bailer-Jones, 2015):

d? 5 wd 1
T Wtz -z =0 (2.5)

We repeat this calculation using a range of values for L for each binary in the mock
catalogue. We define the best value of L as the one that minimises the difference
between the mode, obtained by solving equation (2.5), and the true distance of the
binary in the catalogue. We obtain L = 400 pc.

In Figure 2.1 we show the distribution of synthetic binaries with the distance (blue
line) and two exponentially decreasing volume density priors: one with L = 250 pc
(dashed black line), that represents the best fit to the distribution of mock binaries, and
another one with L = 400 pc (solid black line), obtained by minimising the bias. The
figure shows that the curve with L = 400 pc decreases slower and is more representative
of binaries at large distances, where fractional errors on parallax are large. Thus, for
this work we adopt the scale length of 400 pc such that we avoid underestimating
distances for the furthest binaries.

Finally, following Bailer-Jones (2015) we associate the most probable value of d
with the mode of the posterior distribution, and we compute the errors as

_ dgs — ds

5 (2.6)

oq
where dgs and ds are the boundaries of the 90% credible interval of the P(d|w, )
distribution that are calculated symmetrically about the median and s = 1.645, which
is the ratio of the 90% to 68.3% credible interval for a Gaussian distribution. HM Cnc,
CR Boo, V803 Cen and SDSS J093506.92+441107.0 have no measured parallax from
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Gaia DR2. For HM Cnc we assumed 5 kpc and discuss the uncertainty on the distance
in detail in Section 2.5. For the other three systems the previously published distant
estimates were used. The results are listed in Table 2.2.

2.3.3 Strain and SNR calculations

To compute the expected characteristic strain we first calculate the dimensionless
gravitational wave amplitude (A) using equation 3 from Shah et al. (2012):

_ 2(GM)P/3
o ctd

A (wf)?? (2.7)

where M is the chirp mass, M = (m1m2)3/5/(m1 + m2)1/5, my and mo the masses
of the two components, where we assume m, > ms, d is the distance to the source as
defined in Section 2.3.2 and f the gravitational wave frequency with f = 2/P,;,. The
characteristic strain (h.) for individual verification binaries was calculated following
the approach described in Section 2.2 in Moore et al. (2015):

hc = NcycleA (28)

where Neycle = fTobs. For the calculations we assume that LISA will observe for
four years. The masses and gravitational wave frequency for each system are given in
Tables 2.2 and 2.3.

Most of the LISA verification binaries can be characterised as monochromatic GW
signals with a set of seven parameters, A, f, polarisation angle (1), initial GW phase
(¢0), orbital inclination (7), ecliptic latitude (sin 3), and ecliptic longitude (\). An
additional eighth parameter, the period derivative or chirp (f) is used for HM Cnc,
V407 Vul and SDSSJ0651 which have measured orbital decay rates from their EM
data, Pp: 3.75 x 10~ "ss~! (Roelofs et al. 2010), 3.17 x 10~'2ss~' (Ramsay et al.
2005), 9.8 2.8 x 107 12ss~! (Hermes et al. 2012) respectively. They are related to the
GW decay rate, f by —Po /P2, used in simulating their GW signals. We compute
Fisher matrices (e.g Cutler 1998) to extract the GW parameter uncertainties and
correlations. The method and application of Fisher information matrix (FIM) for
the LISA compact binaries together with their signal modelling and the noise from
the detector and the Galactic foreground have been described in detail in Shah et al.
(2012).

Here we use the current configuration for the LISA detector (Amaro-Seoane et al.
2017) with arm length of 2.5 x 10 km and six laser links exchanged along the three
arms of the detector, from which we can generate two sets of the optimal data streams
from two channels yielding two independent time-series whose noises are uncorrelated
maximising the SNR2. Detailed discussions of the possible data streams using various
sets of laser links can be found in e.g Vallisneri (2005). The unresolved foreground
is obtained by using the recently updated catalogue for detached double white dwarf
binaries whose simulation and binary evolution is described in Toonen et al. (2017).

We obtain the SNR from the GW signal over 15 instrumental noise realisations
for the bright verification binaries using the nominal EM measurements to estimate
the GW parameters in the GW signal model. For details we refer to Section 3 in
Shah et al. (2012). Given the GW signal of the binary and a Gaussian noise we

2We use the Time Delay Interferometry (TDI) A and E observables
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Figure 2.2: SNR evolution with time for the LISA verification binaries. The black dashed line corresponds to SNR
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Figure 2.3: Sensitivity plot for LISA adopted assuming 4 years integration from Amaro-
Seoane et al. (2017) showing the verification binaries which reach a SNR> 5
or are on the border to a SNRa5 after 4 years integration. Black circles are
AM CVn systems, red triangles correspond to detached white dwarfs and the
blue square is the hot subdwarf binary. Note that the gravitational frequency
shown here is twice the orbital frequency of the binaries. We assume a distance
of 5 kpc for HM Cnc.

can use FIM to estimate the parameter uncertainties. The inverse of the FIM is the
variance-covariance matrix whose diagonal elements are the GW uncertainties and
the off-diagonal elements are the correlations between the two parameters. We do the
GW analysis of the above mentioned verification binaries for LISA observations of four
years. We note that the Fisher-based method is a quick way of computing parameter
uncertainties and their correlations in which these uncertainties are estimated locally
at the true parameter values and therefore by definition the method cannot be used to
sample the entire posterior distribution of the parameters. Additionally Fisher-based
results hold in the limit of strong signals with a Gaussian noise (see the Appendix in
Shah & Nelemans 2014)3.

2.4 Results

We calculate the distance and expected SNR following the description outlined in
Section 2.3 for ~50 semi-detached and detached candidate verification binaries with
the strongest expected gravitational wave signals. Table2.2 presents the predicted
gravitational wave amplitude (A) as well as the expected SNR after 4 years integration
with LISA for all systems with SNR>5 and systems which are on the border to a SNR
=~ 5.

We find that 13 systems reach a SNR >5 after four years observing with LISA and
therefore are confirmed verification binaries based on the definition adopted in Sec-
tion 2.1. The population consists of 9 AM CVn binaries: HM Cnc, V407 Vul, ES Cet,

3The code used to perform the simulation is available at https://doi.org/10.17617/1.68
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Table 2.3: GW parameter uncertainties for the bright verification binaries from Fisher In-
formation Matrix after four years of LISA integration

Source SNR OA/A oi[°] CA
HM Cnc 211.1£3.18 0.07£0.001 5.82+0.08 0.991+0.029
V407 Vul 169.7+2.17 0.02840.000 1.34+0.02 0.907+0.023
ES Cet 154.3+£2.09 0.03240.000 1.44+0.02 0.911+0.024
SDSS J135154.46-064309.0 21.840.24 0.218+0.002 10.22+0.11  0.91140.020
AM CVn 101.240.96 0.11340.001 8.03+0.08 0.985+0.018
SDSS J190817.07+394036.4 20.3+0.13  5.622+0.036 —2 1.000£0.013
HP Lib 43.7+0.28  0.599+0.004 63.82+0.41 0.997+0.013
PTF1 J191905.19-+481506.2 4.0+£0.02 1.21840.008 57.54+0.33 0.909+0.011
CXOGBS J175107.6-294037 4.5+£0.02 1.057£0.005  49.654+0.33 0.9094:0.009
CR Boo 21.940.13 1.173£0.007 126.05+0.72 0.997+0.011
V803 Cen 26.24+0.17 4.647+0.029 % 1.000£0.013
SDSS J065133.34+284423.4 90.1£1.13  0.02240.000 0.654+0.01 0.15940.004
SDSS J092345.59+302805.0 44.940.31 0.10640.001 4.9940.03 0.90940.013
SDSS J163030.58+423305.7 4.6+£0.03 1.064£0.008  49.2940.39 0.90940.014
SDSS J092345.59+302805.0 5.6+£0.06 0.834%+0.009  39.51+£0.44 0.908=+0.020
CD-30°11223 4.940.04 0.42540.004 12.52+0.13 0.359+0.007

%The FIM uncertainty exceeds the physically allowed range by ¢ and thus cannot be
determined from GW data analysis Shah & Nelemans (2014)

SDSS J1351, AM CVn, SDSSJ1908, HP Lib, CR Boo and V803 Cen, 3 double white
dwarfs: SDSS J0651, SDSS J0935 and SDSS J0923 as well as CD-30°11223 the first
verification binary consisting of a hot subdwarf star with a massive white dwarf com-
panion. Additionally, we find three more systems (PTF1J1919, CXOGBS J1751 and
SDSS J1630) with a SNR of &~ 5 or just below 5, making them good candidates for
being verification binaries.

Figure 2.2 shows the evolution of the SNR after 0.5, 1, 2, 3 and 4 years. The
loudest source is HM Cnc which reaches a SNR=211 after four years of integration
and already SNR=69 after 0.5 years, but whose distance is, even after Gaia DR2,
still poorly constrained. PTF1J1919, CXOGBS J1751, SDSS J1630, SDSS J0923 and
CD-30°11223 need four years of integration to reach a SNR~5. Figure 2.3 shows the
LISA sensitivity curve and the characteristic strain of the verification binaries after
four years observing with LISA.

Table 2.3 shows the parameter uncertainties extracted from the FIM. Of the seven
GW parameters characterising a binary, the astrophysically interesting ones are the
amplitude (A) and the inclination (¢). Shown are the relative 1 —o error in A, absolute
1 — o error in 4 and the normalised correlation between the two parameters c4 ;. The
SNR influences the parameter uncertainties. Then the correlation c4; has a strong
influence on their uncertainties (Shah et al. 2012). As a result the systems with lower
inclinations (or face-on orientations) with ¢ = [0° — 45°] have a strong correlation
due to the GW signals being indistinguishable by making changes in A or ia. This
explains the large errors in 4 and undetermined i (since the GW uncertainties are
greater than the physical values i can take: 0° — 360°) for systems such as SDSS
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J190817.07+394036.4, CR Boo and V803 Cen despite that their SNRs are greater
than 20. Whereas CD-30°11223 has a better constrained inclination even though its
SNR is lower at = 5.

2.5 Discussion

The only remaining system without a distance measurement is HM Cnc: distance is
therefore the largest uncertainty when predicting its .4 and SNR for LISA. Given its
known properties we argue that 10kpc is the most conservative estimation for the
distance. Although A and SNR remain uncertain, we find that even at a distance of
10kpe, HM Cnc will have a SNR&100 after four years observing with LISA Hence it
remains a bright verification binary even if the distance is significantly greater than
the assumed 5 kpc.

Although there is a Gaia parallax measurement for V407 Vul (0.095+0.327), the
optical counterpart is dominated by a component that matches a G-type star, with a
blue variable component in phase with the binary making up only 10-40% of the flux
(Steeghs et al. 2006). The probability that this is an unrelated chance alignment of a
foreground object is small, but the specific association of this G-star component with
the ultra-compact binary is unclear. Given that this star dominates the Gaia pass-
band, we assume here that the parallax measurement for V407 Vul is essentially that
of the G-star component, and adopt this also for the ultra-compact binary component
given the close on-sky alignment.

With the current LISA configuration and four years of observation, > 25 x 103
binaries* are expected to be individually detected by LISA. However, only a small
fraction will be bright enough to be detectable in the optical. Nelemans et al. (2004)
predict that 143 short period semi-detached LISA verification systems (3 in the direct-
impact phase) with P, < 1500s and brighter than 20 mag should be detectable in the
optical wavebands. More recent work by Korol et al. (2017) predict several tens, up
to one hundred, detached double white dwarfs will be detectable in the optical bands
by Gaia and LSST as eclipsing sources, those with high SNR from their gravitational
waves and brighter than 24 mag. The eclipsing systems only represent a small fraction
of the full sample and we expect that there are about 100 detached double white dwarfs
with orbital periods below 10 min and brighter than 24 mag and therefore potentially
detectable with LSST.

Since verification binaries are a Galactic population their surface density is ex-
pected to strongly peak near the Galactic Plane. Most of the known systems are
located in the Northern hemisphere and only a few systems were found at low Galac-
tic latitudes. This shows that the current sample is likely very incomplete and bi-
ased. Figure2.4 shows the sky position of the 16 systems. Upcoming and ongoing
large scale optical surveys such as OmegaWhite (Macfarlane et al. 2015), ZTF (Bellm
2014), BlackGEM (Bloemen et al. 2015), GOTO (Steeghs 2017), Gaia and LSST (see
Korol et al. 2017 for both) are expected to discover a more unbiased sample across
both hemispheres and at low Galactic latitudes before LISA gets launched.

4Estimate from the foreground simulation using Korol et al. (2017) catalogue
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2.6 Summary and Conclusions

In this work we derived distances from Gaia DR2 parallaxes for ~50 verification binary
candidates. Using these distances, we calculated the expected SNR after four years
integration with LISA with a configuration of 6 laser links and 2.5 Gm arm lengths.
Given the definition of a verification binary as SNR>5 after four years integration,
we find a total of 13 verification binaries. Eleven systems reach a SNR>20 and two
additional systems reach a SNR>5 after four years. Additionally we find three more
systems which are expected to have a SNRa5 after four years integration with LISA
and are good candidates for being verification binaries. Our study confirmed the first
hot subdwarf binary as a LISA verification binary.

So far, distances have been the most uncertain parameter when predicting the
gravitational wave strengths of the bright verification binaries. This is in particular
true for the systems with the most accurate constraints on system parameters such as
masses, inclinations and orbital periods. We find that Gaia provides accurate distances
in particular for systems which are at most a few hundred parsec away. This allows us
to predict the gravitational wave amplitude (A) with an accuracy better than 5 % in the
case of CD—-30°11223 and around 10 % for AM CVn itself, making these systems ideal
for the performance validation of LISA. For the remaining systems with distances of a
few hundred parsec (e.g. HP Lib and SDSS J0923), the uncertainty of the gravitational
wave amplitude is now dominated by the uncertainty on the component masses. For
these systems and future discoveries precise mass measurements are required to provide
estimations on the gravitational wave strength with a precision of a few percent.



Chapter 3

Prospects for detection of
detached double white dwart
binaries with Gaia, LSST and
LISA

Korol, V., Rossi, E. M., Groot, P. J., et al. 2017, MNRAS, 470, 1894

Double white dwarf (DWD) binaries are expected to be very common in the Milky
Way, but their intrinsic faintness challenges the detection of these systems. Currently,
only a few tens of detached DWDs are known. Such systems offer the best chance
of extracting the physical properties that would allow us to address a wealth of out-
standing questions ranging from the nature of white dwarfs, over stellar and binary
evolution to mapping the Galaxy. In this paper we explore the prospects for detec-
tions of ultra-compact (with binary separations of a few solar radii or less) detached
DWDs in: 1) optical radiation with Gaia and the LSST and 2) gravitational wave
radiation with LISA. We show that Gaia, LSST and LISA have the potential to de-
tect respectively around a few hundreds, a thousand, and 25 thousand DWD systems.
Moreover, Gaia and LSST data will extend by respectively a factor of two and seven
the guaranteed sample of binaries detected in electromagnetic and gravitational wave
radiation, opening the era of multi-messenger astronomy for these sources.

35
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3.1 Introduction

On the basis of our theoretical understanding of stellar and binary evolution, systems
of two white dwarfs in a close binary were predicted since 1980s (thereafter double
white dwarf (DWD) binaries) (Han, 1998; Iben & Tutukov, 1984; Iben et al., 1997;
Nelemans et al., 2000, 2001; Toonen et al., 2012; Tutukov & Yungelson, 1981, 1988;
Webbink, 1984). However, due to their intrinsic faintness the first detection came only
a decade later in 1988 (Saffer et al., 1988). The current census counts a few tens of
DWDs discovered by spectroscopic and variability surveys such as the SPY (ESO SN
Ta Progenitor) survey (e.g. Napiwotzki et al., 2003), the ELM (Extremely Low Mass
WDs) survey (e.g. Brown et al., 2010), and studies by Marsh (1995); Marsh et al.
(1995); Maxted & Marsh (1999) and Badenes et al. (2009). Still, these represent only
a tiny fraction of DWD binaries predicted in numerical simulations (Toonen et al.,
2017).

Substantial progress in the detection of these sources is expected with optical wide
surveys such as Gaia (Gaia Collaboration et al., 2016) and the Large Synoptic Survey
Telescope (LSST) (LSST Science Collaboration et al., 2009), and in gravitational waves
with the Laser Interferometer Space Antenna (LISA) mission (e.g. Amaro-Seoane et
al., 2017). All three instruments will be sensitive to short period (P < a few days)
binaries (e.g., Carrasco et al., 2014; Eyer et al., 2012; Nelemans, 2013; Prsa et al., 2011)
and will provide a large sample of new ultra-compact DWDs that are interesting for
several reasons. First, compact DWDs are systems that experienced at least two
phases of mass transfer, and thus provide a good test for binary evolution models,
and, in particular, for our understanding of mass transfer and the common envelope
(CE) phase. Second, DWDs are the plausible progenitors to a wide range of interesting
systems: type Ia supernovae (Iben & Tutukov, 1984; Webbink, 1984), that are used as
cosmological distance indicators (e.g. Perlmutter et al., 1999; Riess et al., 1998), AM
CVn systems (e.g. Marsh et al., 2004; Nelemans et al., 2001; Solheim, 2010; Steeghs
et al., 2006) and “fast optical transient” including .Ia supernovae, Ca-rich transients
and fast/bright transients (Bildsten et al., 2007; Garcia-Berro et al., 2017; Perets et
al., 2010).

In addition, it is believed that the merger of two WDs can produce rare stars
such as massive WDs (or even an isolated neutron star), subdwarf-O and R Corona
Borealis stars (Webbink, 1984). Third, DWDs represent guaranteed sources for the
LISA mission, and will dominate the low frequency gravitational wave band from mHz
to a few Hz (e.g. Evans et al., 1987; Hils et al., 1990; Lipunov & Postnov, 1987; Marsh,
2011; Nelemans et al., 2004). Finally, detached DWD binaries with orbital periods
in the range from one hour to a few minutes are particularly suitable for studying
the physics of tides, a phenomenon directly related to the WD internal properties.
The study of the reaction of the stellar internal structure to tidal forces may give us
important information, for example, on WD viscosity and its origin, that will complete
our knowledge on WD interior matter (Dall’Osso & Rossi, 2014; Fuller & Lai, 2012;
McKernan & Ford, 2016; Piro, 2011).

In this paper we compute the size of a sample of Galactic ultra-compact detached
DWD binaries that could be obtained with future facilities in the next two decades.
In particular, we predict the size (likewise Cooray et al., 2004; Littenberg et al., 2013;
Shah et al., 2013) and properties of the sample that will be observed in both elec-
tromagnetic (EM) and gravitational wave (GW) radiation by Gaia, LSST and LISA:
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Table 3.1: Distribution of the initial binary parameters.

Parameter | Distribution [ Range of definition
Mass of stars Kroupa IMF?* | 0.95 < M Mg < 10
Binary mass ratio uniform in g 0<g<l1
Orbital separation | uniform in log a® 0 <log % <6
Eccentricity thermald 0<e<1
Inclination uniform in cos? 0<cost<1

aKroupa et al. (1993); P Duchéne & Kraus (2013);
¢ Abt (1983); 9 Heggie (1975);

despite the widespread expectation that those instruments will represent major step
forwards, quantitative predictions have never been published. We characterise the
physical properties of these samples and compare them to current data.

The paper is organised as follows. In Section 3.2 we will describe the method we
use to simulate the Galactic population of DWDs. In Section 3.3 we will estimate how
many binaries can be detected with Gaia and LSST as eclipsing sources. In Section
3.4 we will focus on the GW emission from these sources and we assess the prospects
for detections by the upcoming LISA mission. In Section 3.5 we will present and
characterise the sample of DWDs detectable trough EM and GW radiation. Finally,
we will discuss our results and possible synergies between GW and EM data.

3.2 Simulated DWD population

To obtain a model sample of the Galactic DWD population we use the binary pop-
ulation synthesis code SEBA, developed by Portegies Zwart & Verbunt (1996, for
updates see Nelemans et al. 2001, Toonen et al. 2012). The initial stellar population
is obtained from a Monte Carlo based approach, assuming a binary fraction of 50%
and distributions of the the initial binary parameters in Table 1. In particular, we
draw the mass of single stars from the Kroupa Initial mass function (IMF, Kroupa et
al., 1993). The mass of the secondary star is drawn from a flat mass ratio distribu-
tion. This is a poorly constrained relationship that, in general, depends on the stellar
population. A typical progenitor of a DWD component is an A type star (De Rosa
et al., 2014). For this stellar type a flat mass ratio distribution is a good first order
approximation when comparing to observations (Duchéne & Kraus, 2013). The orbit
eccentricity is drawn from a thermal distribution expected from an energy equiparti-
tion argument and often recovered from observations (Heggie, 1975; Raghavan et al.,
2010). Besides, DWDs lose the memory of the initial orbital eccentricity because they
circularise at quite early stages of their evolution, thus the shape of the initial eccen-
tricity distribution hardly influences our simulation. The most common assumptions
for the binary orbital period (or semi-major axis) distribution are: logarithmically-flat
and log-normal. For intermediate-mass and solar-mass stars both are consistent with
observations (e.g., Duchéne & Kraus, 2013; Poveda et al., 2007; Raghavan et al., 2010;
Tokovinin et al., 2014). The largest differences between the two are expected for both
very short or for very long period systems, but such systems are not likely to be pro-
genitors of a typical DWD. Moreover, Toonen et al. (2017, see Table 4 and 5) do not
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find significantly different numbers of DWDs when performing simulations (analogous
to ours) with both logarithmically-flat and log-normal distributions. Therefore in our
simulation we adopt a logarithmically-flat distribution. Finally, for each binary we
assign an inclination angle ¢, drawn from the uniform distribution in cosi. We explore
the sensitivity of these assumptions by performing simulations for different choice of
the IMF and mass ratio relation. We discuss the impact of our assumptions in Sect.
6.

To take into account the star formation history of the Galaxy, we exploit a code
originally developed by Nelemans et al. (2001, 2004) and updated by Toonen & Nele-
mans (2013). The code distributes binaries according to a Galactic model with two
components: disc and bulge. The density of DWDs in the disc is given by

P(R,t,z) = ppp(R,t)sech’ <;) pc3, (3.1)
h

where 0 < R < 19 kpc is the cylindrical radius from the Galactic centre, pgp is the
result of the integration in R and ¢ of the plane-projected star formation rate (SFR)
from Boissier & Prantzos (1999), z is height above the disc, z, = 300 pc is the disc
scale hight, and the age of the Galaxy is assumed to be 13.5 Gyr (Binney & McMillan,
2011; Juri¢ et al., 2008). We neglect the dependence on the stellar age and mass when
assigning z, and we assume that there is no radial migration of the stars in time. We
model the Galactic bulge by doubling the SFR in the inner 3 kpc of the Galaxy and
distributing sources spherically:

/T 2 —
bulge ! , )
Poutge(r) oc /™) pe? (3.2)

where r is the spherical distance from the Galactic centre and 7, = 0.5 kpc is the
characteristic radius of the bulge (Binney & McMillan, 2011; Sofue et al., 2009). We
normalize equation (5.2) such that the total mass of the bulge at ¢ = 13.5 Gyr is
2.6 x 101 M. The resulting distribution of DWDs at different Galactic ages is
represented in Fig. 3.1. To show the portion of the Galaxy that can be potentially
observed by Gaia and LSST we colour in magenta and blue respectively stars with
apparent magnitudes < 20 and < 24.

The absolute magnitudes for WDs are deduced from the WD cooling curves of pure
hydrogen atmosphere models (Holberg & Bergeron, 2006; Kowalski & Saumon, 2006;
Tremblay et al., 2011, and references therein!). To convert the absolute magnitudes
to observed magnitudes (e.g. for the Sloan r band) we use the following expression:

Tobs = Tabs + 10 + 5logd + 0.84Av, (3.3)

where d is the distance to the source in kpc, 0.84Avy is the extinction in the Sloan r
band, obtained from the extinction in the V' band, Ay. To compute the value of Ay
at the source position, defined by the Galactic coordinates (I, b) at the distance d, we
use

Ay(1,b,d) = Ay(l,b) tanh (dsmb> : (3.4)

max

where Av(l,b) is the integrated extinction in the direction defined by (I,b) from
Schlegel et al. (1998), hmax = min(h,23.5 x sinb) and h = 120 pc is the Galactic

1See also http://www.astro.umontreal.ca/ bergeron/ CoolingModels.
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Figure 3.1: The distribution of DWDs in the Galaxy at ¢t = 1,5 and 13.5 Gyr. R is the
cylindrical radius from the Galactic center and z is the height above the Galactic
disc. The gray vertical line marks the position of the Sun. We represent in
magenta and blue respectively DWDs potentially accessible to Gaia and to
LSST.

scale height of the dust (Jonker et al., 2011). To convert r magnitudes into Gaia
G magnitude we applied a colour-colour polynomial transformation with coefficients
according to Carrasco et al. (2014, table 6). Finally, for our simulation we apply a
magnitude limit of » = 70 and a period limit of P = 20 days. The magnitude limit is
chosen to ensure that the simulated population can also be used for the GW detection
simulations.

There are at least two phases of mass transfer in the standard picture of formation
of a DWD system. To form a short-period DWD binary at least one mass transfer
phase needs to be a CE (Paczynski, 1976; Webbink, 1984). In our simulation we
adopt two evolutionary scenarios, with two different treatments of the CE phase: the
aa and the ya scenarios. In the aa scenario the CE phase is described by the so-
called a-formalism (see Ivanova et al., 2013, for review). In this prescription, the CE
outcome is determined by the conservation of the orbital energy (Webbink, 1984),
where « represents the efficiency in the exchange of the orbital energy and the binding
energy of the envelope, described by another free parameter of the model A. The two
parameters can be combined using equations (3.2) and (3.3) of Toonen & Nelemans
(2013) to a single unknown aA. Based on Nelemans et al. (2000) we adopt to be
aX = 2. In the second scenario, proposed in order to explain properties of observed
DWDs, the CE is described by an alternative v parametrization (Nelemans et al.,
2000; Nelemans & Tout, 2005). In the y-formalism the binary orbital evolution is
driven by angular momentum loss, that is carried away through the mass loss process,
and -~y is the efficiency of this mechanism. In the o prescription the y-formalism is
applied whenever a binary does not contain a compact object or when the CE is not
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Table 3.2: Gaia and the LSST technical characteristics. The quoted parameters are from
Gaia Collaboration et al. (2016) and LSST Science Collaboration et al. (2009).

\ Gaia \ LSST
Sky coverage whole sky ~ 1/2 sky
Wavelength coverage 330-1050 nm ugrizy
Bright limit - r~16—17
Depth per observation G ~20.7 ro~24
Syst. photometric error (mag) 0.001 0.005
Integration time (sec) 40.5 15 + 15
Nominal mission lifetime 5 yr 10 yr
Average number of observations 70 103
Average cadence of observations | 1 in 26 days | 1 in 3 days

driven by a tidal instability, in which case the a prescription is used. Thus, in the ya
scenario, the first CE is typically described by the v formalism and the second by the
« formalism. For this scenario we assume the value of the a\ as in the aa CE model
and v = 1.75 (Nelemans et al., 2000).

The main differences between the two populations obtained with these different
prescriptions are: the total number of binaries and their mass ratio distribution. Us-
ing the ya model one typically obtains twice as many binaries compared to the ao
scenario. Moreover, the mass ratio distribution in the ya spans a wider range of
values, which agrees better with the currently observed DWD population, while the
majority of the population formed via a«a scenario will show mass ratios around 0.5
(see Toonen et al., 2012, figure 2). This is due to the fact that in the « prescription
the orbit always shrinks significantly. When using the v prescription the CE outcome
heavily depends on the binary mass ratio (see, e.g., Equation (A.16) of Nelemans et
al., 2001): for a roughly equal mass binary the orbit does not change much, however,
for a binary with very different mass components the orbit shrinks strongly.

3.3 EM detection

In this section we focus our analysis on two instruments: Gaia and the LSST. Be-
ing photometric variability surveys, both are expected to mostly detect new DWDs
through eclipses (Eyer et al., 2012), and thus selecting mainly short period ones. These
DWDs are the most interesting for studying the final stages of binary evolution and
represent potential gravitational wave sources.

Gaia is a space mission, launched on 19 December 2013, whose primary goal is to
provide a detailed 3D distribution and space motion of a billion stars in our Galaxy
(Gaia Collaboration et al., 2016). During 5 years of mission Gaia will deliver posi-
tions, parallaxes, and proper motions for all stars down to G ~ 20 over the whole
sky. According to the GUMS (Gaia Universe Model Snapshot) simulation Gaia will
see between 250 000 and 500 000 WDs, and more than 60% of them will be in binaries
(Carrasco et al., 2014). Astrometrical and multi-colour photometrical observations
will be possible for the Galactic WD population. The majority of the Galactic WD
population is too faint for the Radial Velocity Spectrometer (RVS) on board of the
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Figure 3.2: An example of phase folded light curves sampled with Gaia (top panel) and
LSST (bottom panel) observations. The periods of the two sources are P ~ 21
min and P ~ 24 min respectively.

Gaia satellite, and even the brightest ones (G < 15) are typically featureless in RVS
wavelength range. Thus no radial velocities will be available for these sources, so to
fully characterise them ground-based spectroscopic follow-up will be necessary (Car-
rasco et al., 2014; Gaensicke et al., 2015).

The LSST is a ground-based telescope, currently under construction and expected
to be fully operational in 2022 (LSST Science Collaboration et al., 2009). It will
complement the Gaia study of the Milky Way stellar population down to magnitude
r ~ 24, with a possibility to extend this photometric limit down to r ~ 27 with image
stacking techniques. The LSST will detect about 10 billion stars up to distances of
~ 100 kpc over half of the sky. In particular, it will allow the discovery of several
millions of WDs (LSST Science Collaboration et al., 2009, Chapter 6).

The technical characteristics of the two instruments used for our study (sky cover-
age, average cadence, limiting magnitude and visibility constraints of the survey, etc.)
are summarised in Table 3.2.

3.3.1 Simulations of light curves

Next we simulate the light curves of the obtained DWD model population by using a
purely geometrical model. We compute the flux of a binary for given binary param-
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eters: a, R1, Ro, 71,72 and d, where a is the binary orbital separation, R; and Ry are
the respective radii of the two binary components, and ry and ry are their r-band mag-
nitude. Note that in this work we adopt the definition of the primary as the brightest
WD, and secondary as the dimmest WD of the pair.

In this simple treatment the limb darkening effect is neglected, so stars are con-
sidered spherically symmetric with a uniform surface brightness distribution. Gravi-
tational distortion (ellipsoidal variation) and mutual heating are also not taken into
account. Neglecting these effects implies looking for photometric variability caused by
eclipses alone, that limits our search to systems with a very narrow range of inclination
angles ¢ ~ 90°. For DWDs the variation in the light curve induced by mutual heating
is not expected to be significant, given the small size of WD stars and roughly equal
size binary components. We estimate the maximum flux variation due to the mutual
heating to be at most of the same order of magnitude as the average eclipse depth,
if we assume the maximum efficiency for this process. To test whether including the
ellipsoidal variation in our simulation could enlarge the sample of detectable sources,
we estimate how many systems in our simulated population would show the maximum
amplitude of the ellipsoidal variation greater than 1% using the theoretical prediction
from Morris & Naftilan (1993):

L(o) _ —3(15 4 u1)(1 4 71)(R1/a)?(mg/my ) sin? i
L 20(3 — ’U,1)

cos(2¢), (3.5)

where L is the total luminosity of the system, u; = 0.1 — 0.5 and 74 = 1.0 are
the limb-darkening and gravity-darkening coefficients for the primary, and cos(2¢) =
1. We find ~ 20 systems with G/r < 24 (in both formation scenarios) with the
maximum amplitude of ellipsoidal variation greater than 1% in our simulation. These
are the closest and the lightest binaries in our synthetic population as expected from
theoretical predictions (e.g. Iben et al., 1998). Thus including ellipsoidal variation in
our simulation would increase the number of detected system by at most a couple of
tens of systems.
To evaluate the relative photometric error per single Gaia observation we use:

oG = 1.2 x 1072(0.0489522 + 1.8633z 4 0.00001985)/2, (3.6)

where z = max[100-4(12-15) '100-4(G=1%)] (Gaia Collaboration et al., 2016, Section 8.2).
To evaluate the expected photometric error per single observation with the LSST we
use

Or = (Us2ys + O-I?and)l/zv (37)
where, according to LSST Science Collaboration et al. (2009, Section 3.5), osys = 0.005
is the systematic photometric error, o2, = (0.04 — 3)z + y2?2, x = 100m=ms) ig the

random photometric error, my and 4 are the 50 limiting magnitude for a given filter
and the sky brightness in a given band respectively. Finally, we add a Gaussian white
noise to our synthetic light curves.

The motion of the Gaia satellite is quite complex and cannot be expressed by an
analytical formula: it is given by a combination of rotation of the satellite on its own
axis, precession of the spin axis itself, and the revolution around the Sun (Eyer &
Mignard, 2005). Therefore, to get a realistic light curve sampling with Gaia, we used
the Gaia Observation Forecast Tool?, that provides a list of observing times (TCB)

2http://gaia.esac.esa.int/gost/
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Figure 3.3: The x? distribution of simulated non-variable Galactic objects (in red) ob-
tained using the classic apparent magnitude (G) distribution expected from
star-counts (Prob. oc 107¢, where 0.2 < 5 < 0.4), and the x? distribution of
simulated DWDs in Gaia visibility range (in blue). The vertical line represents
the threshold value x? = 3, above which we claim a detection.

per target for a given period of observation and target position on the sky. To get
a set of Gaia pointings for each binary in our simulation we use the largest available
time interval that spans from 2014-09-26T00:00:00 TCB to 2019-06-01T00:00:00 TCB
(~ 5 yr mission lifetime). To simulate the light curve sampling with the LSST we
use the anticipated regular cadence of 3 days over a nominal ten-year life span of the
mission. In Fig. 3.2 we show a comparison of the light curve sampling by Gaia (top
panel) and LSST (bottom panel) for two binaries with similar orbital periods (21 min
and 24 min).

In order to count detections we applied the following criteria. First, we check if the
source presents variability by evaluating the y? value of the light curve with respect
to the average source magnitude. To establish a x2 threshold value above which we
consider a source as variable, we compute the x? distribution of non-variable Galactic
objects in the Gaia magnitude range. The result is represented in Fig. 3.3. This simple
test allows us to distinguish between variability due to a binary nature of the source
and variability induced by photometric fluctuations of observations of non-variable
objects. In this simulation we do not take into account any other type of variable
stars present in the Galaxy such as pulsating WDs (DAVs: ZZ Ceti), Delta Scuti
and SX Phoenicis stars, or variability due to deformation or heating in these binaries
(see for example Macfarlane et al., 2015; Toma et al., 2016). In real data these stars
will exhibit a similar behavior to eclipsing DWDs and will contaminate the sample of
candidate DWDs. Thus, in general additional analysis techniques will be required in
order to confirm DWD candidates. For the Gaia data this analysis will be done by
the Gaia Data Processing and Analysis Consortium (DPAC, Eyer et al., 2014).

It is evident from Fig. 3.3 that for y? > 2 there is little overlap between the
population of non-variable sources (red histogram) and the population of eclipsing
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binaries. To be conservative we adopt a threshold value of x?> = 3. Finally, we
require that a minimum number of data points, Ngamp, with flux at least 30 below
the out-of-eclipse level, falls within the eclipse phase: for Gaia we adopt Ngamp > 3
and for the LSST Ngamp > 10. This requirement introduces a constrain on the ratio
between the duration of the eclipse phase te.,; and the binary orbital period P, such
that teci/P = Nsamp/Nitot, Where Ny is the total number of observations per source
(see Table 3.2). By using a geometrical argument ¢ can be estimated as the time it
takes the occulting star to move twice the distance from the first contact (the point
when the apparent stellar disks are externally tangent) to mid-eclipse (when stellar
centres are aligned), so tec/P can be found as

tecl o 0
P 2wa’ (3.8)

where § = 2\/(R1 + Ry)® — a2 cos?i and 2ma is the total length of the orbit. Note,
that for an edge-on binary 6 = 2(R; + Rz). From equation (3.8) we find that the
typical tee) for a DWD binary in our simulated population is around 2 min. Thus, we
expect that Gaia will detect systems with typical periods P S (teciNiot)/Nsamp S 45
min. Following a similar reasoning one can anticipate that LSST will detect eclipsing
binaries with P < 3 h.

3.3.2 Detection efficiency

To assess the detection efficiency of the two instruments we simulate the sampling
of a test light curve by varying the magnitude and period of a binary system with
my = 0.53Mg, me = 0.35Mg, Ry = 0.017Rg, R; = 0.8Rs,d = lkpc and i = 7/2.
The chosen parameters for the test light curve represent the average values in our
simulated population. For each period P in the range between 5 min and 10 h (with
10 min steps) and magnitude (r or G) between 15 and the photometric limit of the
instrument (with 0.25 mag steps) we calculate 100 realisations of the test light curve
sampling by randomly assigning the initial orbital phase. We determine whether the
light curve was detected based on the criteria described in Sect. 3.3.1. Finally, we
represent the detection probability per bin as the number of times the test light curve
was detected over 100 realisations.

As discussed in Sect. 3.3.1 our detection test depends on the total number of
observations per source Niot. For Gaia Nt is uniform in ecliptic longitude A and has
a strong dependence on ecliptic latitude 53: Ny is minimum at 3 ~ 0°, increases up to
~ 200 observations per source at §+45°, and decreases down to ~ 70 at ecliptic poles
B+90° (Eyer & Mignard, 2005). Gaia detection efficiency for 5 = 0,445, 460 and 90°
ecliptic latitudes is represented in Fig. 3.4, where the impact of the different number of
observations is evident. Figure 3.4 shows that for any fixed period (when the distance
to the source is also fixed) Gaia generally detects more efficiently brighter binaries,
simply because of the photometric performance of the instrument. For example in the
top left panel of Fig. 3.4, for periods between 2-3 h one can see that the efficiency
drops from 0.4 - 0.3 to 0 for increasing magnitudes. However, for very short periods
(P < 20 min) the efficiency remains approximately constant even at the faint end
of the Gaia visibility range, independently of the number of observations. At a fixed

Shttps://www.cosmos.esa.int/web/gaia/table-2-with-ascii
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Figure 3.4: Detection efficiency of Gaia at § = 0,445, +60 and 90° ecliptic latitudes, that
corresponds to respectively to 60, 200, 80 and 70 observations, computed for
test binary system with m; = 0.53 Mg, m2 = 0.35 Mg, R2 = 0.017Re, R1 =
0.8R2,d = 1kpc and ¢ = w/2. The time step is 10 min and the magnitude step
is 0.25. The colour indicates the instrument efficiency from 0 to 1.
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Figure 3.6: Number of detected sources as a function of the orbital period for the ya forma-
tion scenario. The purple and hatched histograms represent respectively Gaia
and LSST detections. The gray histogram shows binaries detected by the ELM
survey taken from Gianninas et al. (2015). The black continuous line represents
the median of the detected periods in our simulation and dashed line marks the
limit of the LISA band.



EM detection 47

magnitude Gaia cadence works better for detection of short period sources: for G = 18
the efficiency is > 0.4 for P < 4h and > 0.9 for P < 30 min (Fig. 4 top left panel).
This is a consequence of the fact that the eclipse duration is set by the geometry of
the system, so the time that the system spends in eclipse compared to the total orbital
period is longer for systems with shorter periods (i.e., tec;/P decreases along the y-
axis). Thus, it is more likely to catch the binary in eclipse phase when the period of
the binary is shorter. By using this simple argument and assuming a regular cadence
of 70 observations one can preliminarily estimate the average number of detections by
counting the number of DWDs in our synthetic population that satisfy te./P > 3/70.
This gives around 250 DWD systems with G < 20.7.

The efficiency of the LSST is illustrated in Fig. 3.5. For the LSST we find that the
average cadence of 1 observation in 3 days and the high number of data points make
it very efficient at all magnitudes for all orbital periods < 10 h. Drops in efficiency
visible in Fig. 3.5 (e.g. a horizontal stripe at 6 h) corresponds to periods that are sub-
multiples of 72 h, the cadence of observations. As for Gaia, we estimate the number
of binaries in our simulated population that can be positively detected with at least
10 observation per eclipse. We find around ~ 1.9 x 103 binaries with r < 24.

3.3.3 Results

For each binary in our simulated population we compute 100 light curve realisations
by randomising over the initial orbital phase. We define the probability of detection
as the fraction of times the light curve was positively detected over the total number
of light curve realisations. The following results pertain the fraction of the total
Galactic DWD population that is: 1) above the photometric limit of the instrument,
2) for assigned orientation to the detector can be seen as eclipsing (i.e such that
cosi < (Ry+Rg)/a), and 3) in a sky position covered by the survey. In the reminder we
call this population “Gaia/LSST input population”. Note, that the input population
represents the maximum detectable sample for a given survey.

We find that 190 (250) binaries have a non-zero probability? to be detected by
Gaia in the aa (yar) scenario in 5 yr mission lifetime. This represents ~50% of the
Gaia input population in both formation scenarios. Such detection percentage is due
to the sparse Gaia sampling, that spread over the 5 yr mission time makes it difficult
to detect systems with very narrow eclipses (see Sect. 3.3.2). The average number of
detected binaries weighed by the detection probability is 30 for the v and 50 for the
~va CE model respectively. Essentially, Gaia will be sensitive to eclipsing binaries with
orbital periods less than a few hours (50% of these have periods < 1.6 h, see Fig. 3.6)
up to the maximum of a few days. The most distant binary detected by Gaia is at
d = 3.5 kpc. In addition, we find that a possible extension of the Gaia mission up to 10
years (Gaia Collaboration et al., 2016, Section 5.3.2) will double the average number
of detections compared to the nominal 5 yr mission lifetime. Incidentally, when we
use a random sampling of the orbital phase, instead of using detailed Gaia cadence,
we obtain twice as many detections.

Compared to Gaia, the ability of the LSST to see much fainter sources gives an
order of magnitude more eclipsing binaries: 1100 (1460) DWDs have a non zero prob-
ability of being detected. These detections represent ~65% of the LSST input popula-

4A non-zero probability according to our definition means at least one detection out of 100 (i.e.
>0.01).
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Figure 3.7: Probability diagrams for the number of detections in different 2D parameter
spaces: left panels for Gaia, right panels for LSST. We show all the systems
formed via the ya scenario weighed by the probability of being detected. The
respective inserts represent the distribution of all the systems with a non-zero
detection probability. The colour indicates the detection probability: purple
palette for Gaia and green palette for LSST. NGP ans SGP indicate the North
and the South Galactic poles, GC and AC indicate Galactic centre and Galactic
anti-centre.
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tion (for both formation scenarios). The average number of detected binaries weighed
by the probability for the LSST is 850 (1167) DWDs for the aw (ya) scenario. The
maximum distance in the LSST detected sample is ~ 10 kpc.

Notably, half of the population detected by both instruments has periods shorter
than 1.5 h as shown in Fig. 3.6 This substantial subsample has orbital frequencies, f =
1/P, larger than 0.1 mHz, and thus is potentially detectable through GW radiation
in the LISA band (see Sect. 4). Both Gaia and LSST will enlarge the number of very
short period binaries, as the mean period of Gaia and LSST detections peaks around
1.5 h, while the mean period of the ELM binaries is 7.4 h (Gianninas et al., 2015).

In Fig. 3.7 we show the distribution of DWDs weighed by the detection probability
in different 2D parameter spaces: the magnitude-period distribution® (top panels),
magnitude-Galactic latitude (middle panels) and longitude (bottom panels) distribu-
tions, where colours trace the detection probability. The inserts in Fig. 3.7 represent
the respective distributions of all sources with non-zero probability of detection. De-
spite the fact that Gaia is more efficient at brighter magnitudes (Fig. 3.4), one can see
that the majority of the detected population is faint (G < 18) and has periods less
than a few hours (P < 3 h). The former result reflects the magnitude distribution of
the input population that peaks around the faint end of the Gaia visibility range, the
later is a consequence of our detection criterion as discussed in Sect. 3.3.1. Comparing
the two upper panels in Fig. 3.7 it is evident that the LSST with its deeper photometric
limit, has access to a much larger fraction of the total population. In particular, while
Gaia operates in the same magnitude range of the ELM ground-based optical survey,
the LSST will extend the sample of known DWDs to lower magnitudes. However, the
follow-up spectroscopy of such a faint sources will be a challenge even for up-coming
facilities.

In the middle and lower panels of Fig. 3.7, we represent the spatial distribution of
Gaia and LSST detections. Because of its photometric limit, Gaia will see only the
closest sources (dmax = 3.5 kpc < radius of Galactic disc), therefore the distribution
in longitude is featureless. On the other hand, one can start to see the distribution
of DWD around the Galactic plane (insert middle left panel), since 3.5 kpc is com-
parable with the vertical extension of the Galactic disc. The distribution of DWDs
in the Galaxy will become potentially visible with the LSST. The concentration of
detected binaries towards the Galactic plane represent the Bulge of the Galaxy with
its characteristic gap around 0° Galactic latitude due to extinction in the disc (insert
middle right panel). The location of the LSST in the southern hemisphere is reflected
in the lack of sources for Galactic longitudes greater than 60° in Fig. 3.7 (bottom right
panel).

In Fig. 3.8 we show the fractions of Gaia (purple histogram) and LSST (hatched
histogram) detections formed via the o scenario as a function of orbital period,
magnitude and binary mass fraction ¢ = mj1/my. These fractions are defined as
a number of detected sources over the number of binaries of the input population
per bin. For both instruments the fraction of detections drops for increasing orbital
periods (top panel). Note however, that the fraction of long period binaries (P > 24
h) is higher for Gaia (> 0.2), due to a non-uniform sampling of the light curves. The
middle panel reflects the average detection fraction of the instruments, with no clear

5Note, that we show only a part of the magnitude-period parameter space, where the majority
of the detected population is located, while the whole range of detected periods extends up to a few
days for both instruments, where the detections are sparsely distributed.
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Figure 3.9: Number of detected sources as a function of binary mass ratio ¢ = mi/ma for
the two different CE scenarios. The error bars represent Poissonian errors.The
colour coding is the same as Fig. 3.8.

preference in magnitude. Both instruments detect high fraction of binaries with ¢ > 1
(bottom panel), i.e. systems with more massive primaries. By definition the primary
is the brightest WD (and consequently the biggest) of the pair, so a wider range of
inclination angles is allowed for these systems in order to be detected as eclipsing
sources, and thus they are more likely to be detected. In our simulation these systems
are typically formed via stable mass transfer. However, taking into account the size
of the error bars, the distribution looks consistent with a flat distribution.

Figure 3.9 illustrates the number of detected sources as a function of the mass ratio:
left panel for the ccv and right panel for the yao CE model. The two distributions are
different: the population formed by the v model shows a prominent peak around
q ~ 0.5, while the population formed with va peaks at ¢ ~ 1. Despite the vya CE
prescription being designed to match the observed DWD binaries (Nelemans et al.,
2000; Nelemans & Tout, 2005), the number of currently known sources is too low to
prefer it with respect to the ccv CE model. Figure 3.9 shows that the Gaia sample has
the potential to shed light on the nature of the CE phase and physical process that
triggers it in DWD progenitor systems, as one can already see the difference between
the two models by comparing the purple histograms.

In Fig. 3.10 we illustrate some of the properties of Gaia and LSST detections
formed by the «ya scenario in different 2D parameter spaces where each source is
weighed by the detection probability; the inserts represent the respective distributions
of the sources with a non-zero probability of being detected. The detected population
will consist of binaries with secondaries typically more massive than primaries. The
majority of known DWDs were discovered by ELM survey, designed to search for ex-
tremely low mass primaries, thus new eclipsing binaries detected by Gaia and LSST
will extend this parameter space to binaries with more massive primaries. Note, that
LSST has potential to detect systems with m; + ms > Chandrasekhar mass limit,
providing some SN Ia progenitor candidates. Moreover, the detected population will
have primaries hotter than secondaries, therefore it will be difficult to determine di-
rectly the properties of the secondaries. For completeness in the bottom panels of
Fig. 3.10 we represent the distribution of the detected sources in period-temperature
and temperature-magnitude space, useful for planning of the spectroscopic follow-up
of these sources.
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Figure 3.10: Probability diagrams for the number of Gaia and LSST detections as a func-
tion of binary parameters. We show all the systems formed via the vy« scenario
weighed by the probability of being detected. The respective inserts represent
the distribution of all the systems with a non-zero detection probability. The
colour indicates the number of detected sources: purple palette for Gaia and
green palette for the LSST. The black dashed lines in the upper panels repre-
sent the line of equal mass and equal temperature.
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3.4 GW detection

In this section we focus our attention on DWDs as GW sources. First, we recall some
basic formulae for the estimation of the GW signal. To simulate the LISA instrument
response, in this paper we adopt the frequency based method of Cornish & Larson
(2003, see also Cornish & Rubbo 2003; Cutler 1998). Then, we estimate the signal-to-
noise ratio (SNR) of currently observed DWD binaries to verify our procedure. The
following step is to calculate the SNR for all synthetic binaries to identify those with
the highest SNR. Finally, we compare our result with previous works (Nelemans et al.,
2004; Nissanke et al., 2012; Ruiter et al., 2010), based on a different Galactic model
populations.

LISA is a space-based gravitational wave interferometer, conceived as a set of three
spacecrafts in an equilateral triangle constellation of a few million km per side. Such
spacecraft separation sets the sensitivity range of the instrument from about 0.1 to 100
mHz and will allow the detection of Galactic and extra-Galactic sources, among which
thousands will be DWD binaries (Amaro-Seoane et al., 2017). The detector’s centre-
of-mass will follow a circular heliocentric trajectory, trailing 22° behind the Earth and
maintaining a 60° inclination between the plane of the detector and the ecliptic plane.
As the reference LISA configuration in this work we adopt the LISA Mission Concept
recently submitted as a response to the ESA call for L3 missions (hereafter ESACall
v1.1). The ESACall v1.1 is a three-arm configuration® with 2.5 x 105 km arm length
instead of 5 x 10% km arm length as in the original LISA project (see, e.g., Prince et
al., 2007). The sensitivity of the ESACall v1.1 configuration, is based on the latest
results from the LISA Pathfinder mission (Armano et al., 2016), a precursor mission
designed to test the technologies needed for the laser interferometry in space. It is
represented in Fig. 3.11 (Amaro-Seoane et al., 2017).

As pointed out by several authors, at frequencies below a few mHz the expected
number of Galactic binaries per frequency bin (Af = 1/Ths, where Typs is the total
observation time) is so large that these binaries will form an unresolvable foreground
signal in the detector (e.g., Amaro-Seoane et al., 2012; Prince et al., 2007; Ruiter et
al., 2010). Figure 3.11 illustrates the foreground level from Galactic binaries and its
evolution with time from 0.5 to 10 yr of observation computed by using our model
population (Amaro-Seoane et al., 2017).

3.4.1 GW signal from DWDs

The great majority of Galactic DWD binaries can be well described using Newtonian
dynamics of circular orbits, under the assumption that the binary can be represented
by two point masses in orbit (e.g., van den Broek et al., 2012). The gravitational
waves they produce can be computed using the quadrupole approximation (see, e.g.,
Landau & Lifshitz, 1971; Peters & Mathews, 1963). Considering that the timescale
on which DWDs typically evolve (> Myr) is much greater than the lifetime of the
LISA mission (~ yr), they can be treated as monochromatic sources emitting at the
frequency fs = 2/P. In this approximation the GW signal emitted by a binary is given

SNote that each arm corresponds to two laser links between spacecrafts, so that a three-arm
detector consists of six links in total.
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Figure 3.11: LISA ESACall v1.1 sky-averaged sensitivity due to the instrumental noise
only and due to the instrumental noise plus Galactic foreground from DWD
binaries after 6 mouths, 1, 2, 4 and 10 years of observations (Amaro-Seoane
et al., 2017).

by a combination of the two polarisations:

ha(t) = Q(GM)ZZW ) (1 + cos? i) cos 20(t), (3.9)
hy(t) = —4(GM)5CZ;(7UCS)2/3 cosisin 29(t), (3.10)

where M = (my1mg)?/®(my + my)~'/® is the chirp mass of the system and ®(t) =
Oy + 7 fst is the orbital phase. In the low frequency limit (fs < ¢/27L ~ 20 mHz,
where L = 2.5 Mkm is the detector’s arm length) the GW signal as measured by the
detector can be expressed as

h(t) = Fih(t) + Fyhy (1), (3.11)

where Fy and Fy are the detector pattern functions, that encode the detector’s re-
sponse and depend on the source location in the sky and orientation with respect to
the detector (see equations (9)-(11) of Cornish & Larson, 2003, for specific expression
of these functions). For a monochromatic periodic source the signal-to-noise ratio
(SNR) can be written as (Maggiore, 2008, Equation (7.129)):

SN° [ L R)?] AT
(N) _4/0 V) = Balhe) (3.12)

where h(f) is the Fourier transform of h(t), S, (fs) is the noise spectral density of the
instrument at f; (Fig. 3.11) and

1/2

A= [WF2 (1) + W2 F2(1)] (3.13)
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Note that in equation (12) we substitute the orbit averaged value of A computed
following equations(42)-(44) of Cornish & Larson (2003).

Table 3.4.1 shows the sample of currently known DWD and AM CVn systems
with expected SNR in GWs > 0.01, evaluated by using equation (3.12) for the LISA
ESACall v1.1 configuration sensitivity and 1 yr observation time. To roughly estimate
SNR values for T,,s = Nyr one can simply rescale the last column by v/N.

3.4.2 Results

To test our method we consider the sample of the so-called verification binaries. These
are well known ultra-compact binaries (mostly detached DWDs and AM CVns), that
are expected to be bright in the LISA band. Consequently, they represent guaranteed
sources for the mission. Some of these binaries will be detected in a short period
after the beginning of the mission (~ few months), and thus can be used to verify the
performance of the instrument (e.g. Stroeer & Vecchio, 2006). Binary parameters and
SNR values for 1 yr mission lifetime of the LISA verification binaries are reported in
Table 3.4.1. We find 8 of the 57 verification binaries with SNR, > 7 within the first year
of observation, and 10 within the nominal mission life time of 4 years. These results
are in agreement with the full time domain LISA simulation (A. Petiteau private
communication, see also Amaro-Seoane et al., 2017). Figure 3.12 illustrates how the
SNR grows progressively with mission duration.

We compute the total number of resolved binaries in our model population. Pa-
rameters that are not provided directly by our population synthesis code (e.g. the
polarisation angle and the initial orbital phase) are randomised assuming uniform
distribution over the interval of their definition. The result for the two formation
scenarios and different mission durations are reported in Table 3.4.2. The numbers of
individually resolved DWDs for the LISA ESACallvl.1 configuration with SNR > 7
are ~ 10— 11 x 103 for 1 year and 24.5 — 25.8 x 103 for 4 year of mission. These results
are compatible with those obtained by the Gravitational Observatory Advisory Team
(GOAT)”, Shah et al. (2012) and Nissanke et al. (2012), based on Galactic population
from Nelemans et al. (2004), and with Ruiter et al. (2010), based on a different pop-
ulation synthesis code, when considering different mission lifetime, detector geometry
and SNR threshold.

In Fig. 3.13 we show some of the properties of LISA detections predicted by the
vya CE model. From comparison between Fig. 3.7 and Fig. 3.13 it is evident that
LISA will see binaries that are non accessible to EM detectors, virtually down to
magnitude 70. LISA detections will have periods ranging between 2 min and 2h, and
chirp masses up to 1 Mg. Remarkably, unaffected by extinction LISA will see binaries
throughout the Galaxy up to distances comparable with the extension of the Galactic
disc. Figure 13 shows that the most of the detections comes from Galactic bulge (i.e.
at Galactocentric distance close to 0). (Fig. 3.13 bottom panels). In particular, LISA
will detect DWDs even beyond the Galactic centre, that is impossible with optical
facilities.

Thttp://sci.esa.int/jump.cfm?0id=57910
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Table 3.3: A sample of known interacting (AM CVn stars) and non interacting (detached
DWDs) LISA verification binaries. Amplitudes are given in units of 1072*. To
compute the SNR for each binary we set the initial orbital phase and polarisation
angle to 0°, and the inclination to 60° for cases where it is unknown.

Name 1(deg) b(deg) P(s) mi(M®) | ma(M®) | d(pc) | i(deg) | faw(mHz) A SNR
RX J0806* 206.93 23.4 321.52911 0.55 0.27 5000.0 37.0 6.22 6.43 108.82
V407 Vul * 57.73 6.44 569.395 0.6 0.07 2000.0 60.0 3.51 3.32 20.98
ES Cet™ 168.97 -65.86 621.0 0.6 0.06 1000.0 60.0 3.22 5.4 23.72
AM CVn* 140.23 78.94 1028.73 0.71 0.13 600.0 43.0 1.94 15.22 17.03
SDSS J1908+3940%|  70.66 13.93 1092.0 0.6 0.05 1000.0 60.0 1.83 3.11 2.34
HP Lib* 352.06 32.55 1103.0 0.57 0.06 200.0 30.0 1.81 17.77 19.7
PTF1J1919+4815% 79.59 15.59 1350.0 0.6 0.04 2000.0 60.0 1.48 1.08 0.56
CR Boo® 340.96 66.49 1471.0 0.79 0.06 340.0 30.0 1.36 10.82 7.47
KL Dra®* 91.01 19.2 1500.0 0.6 0.02 1000.0 60.0 1.33 1.02 0.44
V803 Cen® 309.37 20.73 1596.0 0.84 0.08 350.0 14.0 1.25 13.75 9.08
SDSS J0926* 187.51 46.01 1699.0 0.85 0.04 460.0 83.0 1.18 5.13 1.03
CP Eri* 191.7 -52.91 1701.0 0.6 0.02 700.0 60.0 1.18 1.34 0.45
2003aw™ 235.13 26.48 2028.0 0.6 0.02 700.0 60.0 0.99 1.19 0.3
2Q7Z 1427 -01* 345.67 37.17 2194.0 0.6 0.015 700.0 60.0 0.91 0.85 0.19
SDSS J1240* 297.57 60.77 2242.0 0.6 0.01 400.0 60.0 0.89 0.98 0.23
SDSS J0804 * 205.94 23.37 2670.0 0.6 0.01 400.0 60.0 0.75 0.87 0.15
SDSS J1411* 91.89 63.82 2760.0 0.6 0.01 400.0 | 60.0 0.72 0.85 0.14
GP Com? 323.55 80.3 2794.0 0.6 0.01 80.0 60.0 0.72 4.24 0.7
SDSS J0902* 184.42 41.32 2899.0 0.6 0.01 500.0 60.0 0.69 0.66 0.1
SDSS J1552* 51.31 50.53 3376.3 0.6 0.01 500.0 60.0 0.59 0.6 0.07
CE 315" 309.26 39.25 3906.0 0.6 0.006 77.0 60.0 0.51 2.12 0.19
J0651-+2844* 186.93 12.69 765.4 0.55 0.25 1000.0 86.9 2.61 16.84 19.67
J0923-+3028* 195.82 44.78 3884.0 0.279 0.37 228.0 60.0 0.51 20.13 1.73
‘WD 0957-666™ 287.14 -9.46 5296.81 0.32 0.37 135.0 68.0 0.38 31.07 1.27
J0755+4906* 169.76 30.42 5445.0 0.176 0.81 2620.0 60.0 0.37 1.68 0.08
J0849+0445* 222.7 28.27 6800.0 0.176 0.65 1004.0 | 60.0 0.29 3.22 0.09
J0022-1014* 99.2997 | -71.7538 | 6902.496 0.21 0.375 1151.0 60.0 0.29 2.15 0.06
J2119-0018* 51.58 -32.54 7497.0 0.74 0.158 2610.0 60.0 0.27 1.15 0.02
J1234-0228* 294.25 60.11 7900.0 0.09 0.23 716.0 60.0 0.25 1.01 0.02
WD 1101+-364™ 184.48 65.62 12503.0 0.36 0.31 97.0 25.0 0.16 23.22 0.19
WD 0931+444" 176.08 47.38 1200.0 0.32 0.14 660.0 70.0 1.67 7.41 3.58
WD 1242-105¢ 300.31 51.98 10260.0 0.56 0.39 39.0 45.1 0.19 114.75 1.41
J0056-0611¢ 126.6604 | -69.0278 3748.0 0.174 0.46 585.0 60.0 0.53 6.28 0.63
J0106-1000¢ 135.7244 | -72.4861 2345.76 0.191 0.39 2691.0 60.0 0.85 1.79 0.39
J011241835¢ 129.77 -44.0119 | 12699.072 0.62 0.16 662.0 60.0 0.16 2.84 0.01
J034541748¢ 171.051 | -28.4018 | 20306.592 0.76 0.181 166.0 60.0 0.1 10.81 0.01
J074541949¢ 200.4746 | 20.4396 9711.36 0.1 0.156 270.0 60.0 0.21 1.9 0.02
J0751-0141¢ 221.4565 | 12.5761 6912.864 0.97 0.194 1859.0 60.0 0.29 2.52 0.07
J08254+1152¢ 212.5705 | 26.1227 5027.616 0.49 0.287 1769.0 60.0 0.4 2.8 0.14
J1053+52007 156.4021 56.794 3677.184 0.26 0.213 1204.0 60.0 0.54 2.36 0.23
J1054-2121¢ 269.7458 | 33.8695 9019.296 0.39 0.168 751.0 60.0 0.22 2.33 0.03
J1056+6536¢ 140.067 | 47.5033 | 3759.264 0.34 0.338 1421.0 | 60.0 0.53 3.62 0.35
J1108+1512¢ 234.1026 | 63.2376 | 10635.84 0.42 0.167 698.0 | 60.0 0.19 2.36 0.02
J1112+41117¢ 242.321 61.8382 | 14902.272 0.14 0.169 257.0 60.0 0.13 2.14 0.01
J1130-+3855¢ 172.9043 | 69.3762 | 13523.328 0.72 0.286 662.0 60.0 0.15 5.2 0.02
J1436+5010¢ 89.0112 59.4607 3957.12 0.46 0.233 830.0 60.0 0.51 5.55 0.48
J1443+1509¢ 14.0206 61.3102 | 16461.792 0.84 0.181 540.0 60.0 0.12 4.11 0.01
J1630+4233¢ 67.076 43.3603 2389.824 0.3 0.307 820.0 60.0 0.84 7.06 1.45
J174146526¢ 95.1544 31.7085 5279.904 1.11 0.17 936.0 60.0 0.38 5.82 0.28
J1840+46423¢ 94.3694 25.424 16528.32 0.65 0.177 676.0 60.0 0.12 2.66 0.01
J2338-2052¢ 49.5602 | -72.1995 | 6604.416 0.15 0.263 1295.0 60.0 0.3 1.11 0.03
CSS 41177° 210.129 52.424 8208.0 0.36 0.31 473.0 88.9 0.24 6.3 0.06
J115240248" 270.23 61.86 8602.0 0.47 0.41 464.0 89.2 0.23 9.82 0.1

2 http://www.astro.ru.nl/ nelemans/dokuwiki/doku.php?id*veriﬁcatioxLbinax_'ieszintro, P Kilic et al. (2014);
¢ Debes et al. (2015); 4 Gianninas et al. (2015);  ©Bours et al. (2014);  fHallakoun et al. (2016).
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Table 3.4: Total number of individually resolved DWDs with SNR > 7 for the LISA
ESACallvl.1 mission configuration.

CE model \ 6 m \ 1yr \ 2 yr \ 4yr \ 10 yr
fa%e! 6185 | 9808 | 16360 | 24482 | 44349
Yo 7125 | 11385 | 18330 | 25754 | 52045

3.5 The combined EM & GW sample

In the two previous sections we showed that the expected number of DWD detections
through EM and GW radiation within next two decades is significant. So far GW
studies focused on currently known Galactic binaries or on the future EM follow up
of these sources, ignoring the fact that revolutionary optical surveys such as Gaia and
the LSST will be available between now and the LISA launch. In this section we want
to estimate how many DWDs detected by Gaia and LSST will be bright enough in
GWs to be detected by the LISA.

Starting from the Gaia and LSST samples (Sect. 3.1) we compute the SNR for
the LISA ESACallvl.1 configuration and 4 yr mission lifetime, and we select those
with SNR > 7 (see Table 3.5). We find 13 and 25 combined Gaia and LISA detections
respectively for the aa and ya CE models. Combined LSST and LISA samples are 3-4
times bigger: 50 in the aev formation scenario and 73 for in ya scenario. This result
shows that before the LISA launch we will have at least twice as many guaranteed LISA
detections with SNR> 7. The period of the combined detections will range from a few
minutes to 1 hour, and will be on average (as for currently known LISA verification
binaries) around 15 min (see Fig. 3.14). As for the sample of known verification
binaries (Table 3.4.1), the mass of the primary, secondary, and, consequently the chirp
mass of these binaries is not expected to exceed 1 M. Verification binaries provided
by Gaia are not expected to be found at distances larger than the already known ones,
while the LSST will double the maximum distance because of its deeper photometric
limit (Fig. 3.14).

Several authors have already pointed out that for those sources that could be
detected in both EM and GW waves much more information can be gained compare
to either EM or GW can provide alone (see, e.g., Marsh, 2011; Shah et al., 2012;
Shah & Nelemans, 2014). Light curves allow the measurement of the orbital period,
the inclination angle and the scaled radii of the binary components (R;/a and Ry/a),
that, in turn, can be used to determine the binary mass ratio from the mass-radius
relationship. This information combined with the chirp mass determined from the GW
data, in principle, permits the estimation of the individual binary component masses.
For monochromatic sources, like the majority of DWD binaries, GW data will provide
the measurement of the chirp mass in combination with distance (see the dependence
on M and d in equations (3.9)-(3.10)). Thus, parallax measurements by Gaia and
LSST will be crucial to determine the distances and to break this degeneracy. The
measure of the binary frequency evolution ( f, that is not likely from GW data for all
DWDs) can be equivalently determined from eclipse timing (Shah & Nelemans, 2014).
Furthermore, EM observations can be also used to constrain GW observables and to
improve their accuracy. In fact, there are several correlations between the GW and
EM observable quantities, e.g. between GW amplitude and binary inclination, ecliptic
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Table 3.5: Summary table for the number of detections with Gaia, LSST and LISA. We
reported results for the nominal mission life time of 5 yr for Gaia, 10 yr for the
LSST and 4 yr for LISA.

Gaia LSST LISA
(a) aa CE model
Gaia 189 93 13
LSST 93 1100 50
LISA 13 50 24508

(b) yao CE model
Gaia 246 155 25
LSST 155 1457 73
LISA 25 73 25735

latitude and longitude. For example, an a priori knowledge of the source sky position
and inclination can give an improvement on the measurement of GW amplitude up
to a factor of 60 (Shah et al., 2013). Vice versa, Shah et al. (2012) showed that small
inclination errors from GW data imply that system is eclipsing, consequently this fact
can be used for the EM detection of new eclipsing sources.

3.6 Discussion and Conclusions

In this work we have computed the expected number of DWD detections by Gaia
and the LSST as eclipsing sources, and by the future LISA mission as GW sources.
As in earlier studies we relied on population synthesis modelling because of the small
number of the known systems. To simulate the Galactic population of DWD binaries
we considered two different prescriptions for the CE phase (aa and ya) in order to
investigate whether Gaia, LSST and LISA will elucidate on the nature of the CE phase.
We find that Gaia can provide up to a few hundred of eclipsing detached DWDs, while
LSST will extend this sample up to almost 2 x 103 sources. Then we investigated the
number of individually resolvable GW sources considering the latest mission concept of
the LISA detector submitted as a response to the ESA call for L3 missions in 2017. We
find that the number of detectable detached DWDs is 25 x 102 for the nominal 4 years
of mission life time. Finally, we used the obtained EM samples to estimate how many
verification binaries Gaia and LSST will provide before the LISA launch. We find
several tens of combined EM and GW detection. These detections will significantly
increase the sample of know LISA verification binaries by at least factor of 2.

To investigate the sensitivity of our results to assumptions on the initial stellar
population, we performed a set of simulations with two different IMFs and with a
different mass ratio distribution. We find that the same star formation history but a
different choice for the IMF, influences mostly the total number of generated DWDs
and has a relatively moderate impact on the number of detections. For example, the
Miller & Scalo (1979) and the Scalo (1986) IMF, that are steeper than the Kroupa
IMF for M > 1 M@, produce respectively ~ 10% more DWD systems, that translates
directly in 10% more detections by Gaia, LSST and LISA. On the other hand, the
assumption on the mass ratio distribution proves to have a non-negligible impact on
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our results. In general, a power law f(q) o ¢° can be used to describe this distri-
bution, where b depends on the stellar population. For intermediate mass stars the
value of b ranges between 0 and -1 (Duchéne & Kraus, 2013). Thus, in addition to our
previous simulation (in which we used b = 0), we performed a simulation with b = —1
to compare the two limiting cases. Such a power law favours unequal mass binaries,
that need more than a Hubble time to form a DWD. Therefore we find 6 times less
DWDs than in the original simulation, and, consequently, roughly 6 times less detec-
tions. To verify which of the two mass ratio distributions produce a population that is
more compatible with observations, we compare the number of synthetic and observed
binaries in the Solar neighbourhood (see unresolved DWD in Table 1 of Toonen et al.,
2017). We find that the flat mass ratio distribution produces 7 £ 3 DWDs within 20
pc, while a power law with b = —1 predicts only 1f? In the observed sample there
is 1 confirmed isolated DWD and 5 DWD candidates. The candidates are stars with
estimated masses that are too low (< 0.5Mg) to have evolved as single stars, thus it
is highly likely that these are binary stars with undetected companions (see Toonen
et al., 2017, and references therein). Because of the large uncertainties in the number
of DWDs from both sides: observations and simulations, we cannot place a strong
constrain on our synthetic models. We can only conclude that our fiducial model,
with the flat mass ratio distribution, is more consistent with the observed numbers
within the uncertainties when including the DWD candidates.

The subset of Gaia and LSST binaries analysed in this work represent guaranteed
detections for the LISA mission, and will provide a powerful tool for probing WD as-
trophysics and a unique opportunity of multi-messenger study for this class of objects.
No other GW sources are expected to provide so large number of combined GW and
EM detections. We defer to future work for the parameter estimation from EM and
GW data for the sample of the combined EM and GW detections and the study of the
applicability of these data to the study of the effects of tides in ultra-compact binaries
and the kinematics of the Galaxy.



Chapter 4

Detectability of double white
dwarfs in the Local Group with
LISA

Korol, V., Koop, O., & Rossi, E. M. 2018, ApJL, 866, 1.20

Detached double white dwarf (DWD) binaries are one of the main science cases for
the Laser Interferometer Space Antenna (LISA). As the most numerous LISA sources,
they will provide important contributions towards understanding binary evolution,
Supernovae Type Ia (SNIa) formation channels and the structure of the Milky Way.
So far only detection prospects for the Milky Way have been predicted. In this letter
we show that LISA has the potential to detect DWDs in neighbouring galaxies up
to the border of the Local Group. In particular, we compute quantitative estimates
for the number of detections in M31. We expect between a dozen to several tens of
DWDs above the nominal detection threshold, for a mission duration between 4 and
10yr. We show that detectable extra-galactic DWDs include those with the shortest
orbital periods (P < 10min) and with the highest chirp masses (M > 0.6 M), that
are candidates SNIa progenitor. These binaries are virtually undetectable at those
distances in optical, implying that LISA could be the best instrument able to provide
SNIa merger rates across the Local Group.
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4.1 Introduction

Detached DWD binaries with orbital periods < 1h will be important Gravitational
Wave (GW) sources for the LISA mission in many ways (Amaro-Seoane et al., 2017).
Firstly, DWDs are guaranteed LISA sources. A number of short period DWDs have
already been identified at optical wavelengths (e.g., Kupfer et al., 2018). Those with
the strongest signals can be used as calibration sources as they will be detectable
already after one week of observations; over time their signal will increase improving
the accuracy with which these sources can be used to monitor data quality as new
data are acquired (Littenberg, 2018). Secondly, DWDs will be the most numerous
LISA sources. The total number of expected detections exceeds 10° (e.g., Korol et
al., 2017; Marsh, 2011; Nelemans et al., 2001; Ruiter et al., 2010). Thus, for the
first time LISA will provide a sizeable sample of short period DWD binaries to test
binary formation theories and validate SNIa formation channels (e.g., Nelemans et
al., 2001, 2004; Rebassa-Mansergas et al., 2018). Moreover, such a large number of
individually resolved sources spread all over the Galaxy will allow us to map the
Milky Way in GWs and precisely measure its structural parameters like scale radii
of the bulge and the disc (Adams et al., 2012; Korol et al., 2018). When combining
GW and optical measurements for DWDs with optical counterparts we will also be
able to derive the mass of the bulge and the disc component of the Galaxy (Korol
et al., 2018). DWDs are so common in the Milky Way that their unresolved signals
will form a background for the LISA mission (e.g., Robson & Cornish, 2017). This
background contains information on the overall stellar population in the Milky Way
and can be also used to derive the Milky Way’s parameters, like the disc scale height
(Benacquista & Holley-Bockelmann, 2006). Finally, LISA will allow us to study the
population of DWDs in the Milky Way’s globular clusters, which is difficult to detect
in optical because of the intrinsic faintness and crowdedness of DWDs in such dense
environment (Benacquista et al., 2001; Kremer et al., 2018; Willems et al., 2007).

Previously the detectability of DWDs has been exclusively assessed in the Milky
Way, while extra-galactic DWDs were only considered as contribution to the back-
ground noise (e.g., Farmer & Phinney, 2003; Kosenko & Postnov, 1998). In this letter
we focus for the first time on the properties of extra-galactic DWDs that can be re-
solved by LISA in the Local Group, and especially in the Large and Small Magellanic
clouds (LMC and SMC), and M31 (the Andromeda galaxy). We show that LISA will
detect binaries with the shortest periods and highest total masses, and therefore double
degenerate SNIa progenitors. As discussed in Rebassa-Mansergas et al. (2018), these
are difficult to find with optical telescopes in the Milky Way. Essentially, they are too
faint to be identified from Ha double-lined profiles in spectra and their eclipses are
too short when considering the typical cadence of observations of optical sky surveys,
like Gaia. Therefore LISA might be the best tool to allow statistical studies of these
systems.

In this letter, we forecast the parameter space of DWDs accessible through GW
observation located at the distance of SMC, LMC and M31 (Section 4.2). We use a
synthetic population to quantify the number of detection for M31 (Section 4.3). In
Section 4.4 we present our conclusions.
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4.2 Maximal distance

In this section we consider an illustrative example of a monochromatic DWD binary,
i.e. a binary whose orbital period decay due to GW emission is too small to be
measured during the mission lifetime. A monochromatic assumption is justified when
interested in the signal-to-noise ratio (SNR) only, as was already tested in Korol et al.
(2017)!. Note, however, that the measurement of the orbital period decay is essential
to recover the binary chirp mass and the distance from GW data. For a monochromatic
source the SNR can be estimated as: (e.g., Maggiore, 2008)

Tobs
Su(f)’

where A is the amplitude of the GW signal, F(i,0, ¢, ) is a function that accounts for
the instrument response to the binary inclination 4, sky position (6, ¢) with respect to
the detector and polarisation angle 1 averaged over one LISA orbit (Cornish & Larson,
2003, equation (42)), Typs is the observation time and Sy, (f) is the total noise spectral
density (instrument + Galactic background) at the binary frequency f = 2/P, with P
being the binary orbital period. The amplitude can be computed using the quadrupole
approximation as:

SNR = A F(i,0, 6,7) (4.1)

AGM)P3(x f)*/

ctd ’
where M = (mym2)3/® /(mi+msy)'/? is the chirp mass and d is the distance (e.g., Mag-
giore, 2008). We draw ¢ randomly from a flat distribution between [0, 7]. We adopt
the sky- and inclination-averaged noise curve, S,(f), corresponding to the LISA mis-
sion design accepted by ESA plus the Galactic background computed for the nominal
(solid lines) and extended (dashed lines) mission duration of 4 yr and 10 yr respectively
(Amaro-Seoane et al., 2017). Finally, we average the SNR over the inclination angle
i and the position in the sky (6, ¢). Equation (4.2) shows that the strength of the
signal mainly depends on three binary parameters: f(or P), M and d. Thus, we study
binary detectability of DWDs with LISA as a function of these parameters.

In Figure 4.1 we plot in P — M space the sky- and inclination-averaged curves of
SNR=T7 at the distance of the LMC (yellow), SMC (cyan) and M31 (blue) for 4 yr
(solid) and 10 yr (dashed) mission lifetimes. Thus, the areas above the curves delimit
the parameter space detectable by LISA in these galaxies. At the distances of the LMC
and SMC, LISA will be sensitive to DWDs with chirp masses > 0.1 M2 Whereas at
the distance of M31 LISA will be sensitive only to binaries with M > 0.5Mg and
P < 10min. The white star shows a typical binary detectable at the distance of M31
(Figure 4.3) with M = 0.9Mg and P = 5min (hereafter our test binary). Although
the binary population synthesis model by Korol et al. (2017) predicts only a few of
such binaries in the Milky Way, they would certainly be detected by LISA with precise
measurement of their chirp mass and distance (e.g., Rebassa-Mansergas et al., 2018).
The colour contour in Figure 4.1 shows the binary merger time:

p 8/3 M ~5/3
~1M . 43
4 r <12min) <0.3M@> (43)

IWe also specifically tested the monochromatic assumption for the Andromeda population
(Sect. 4.3). We find that the monochromatic assumption typically overestimates SNR by 0.4.

2Note, that in this study we do not consider AM CVn systems which typically have M < 0.1Mg.
when the orbital period < 20 min.

A= (4.2)
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Figure 4.1: Curves of sky- and inclination-averaged SNR=7 in orbital period-chirp mass
space evaluated at the distances of the LMC, SMC and M31 for 4 yr (solid) and
10yr (dashed) mission lifetime. The color represents the merger time. White
squares are known Galactic GW sources (DWDs and AM CVns) and the white
star is our test binary.
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Figure 4.2: SNR for the test DWD in the distance-orbital period for M = 0.9 Mg (left)
and distance-chirp mass for P = 5min (right) space after nominal 4 yr of ob-
servations. The black solid line represents the iso-SNR contour of 7. Dashed
horizontal lines mark the distance of the LMC, SMC, M31 and the border of
the Local Group.

Thus, Figure 4.1 reveals that DWDs accessible to LISA in the three considered galax-
ies will merge in < 1Myr. The two horizontal lines at M = 0.6,0.4 Mg correspond
to binaries with a total mass (M) equal to the Chandrasekhar mass when adopting
respectively equal mass and mg/m; = 0.18. This value is the minimum mass ra-
tio for binaries with M > 1.38 Mg, in the Korol et al. (2017) catalogue. Note that
M = 0.6,0.4 Mg are the lower bounds of the parameter space corresponding to dou-
ble degenerate SNIa progenitors. Finally, the white squares are known Galactic GW
sources (DWDs and AM CVns) from Kupfer et al. (2018) showing the part of parame-
ter space explored so far at optical wavelengths. In particular, those with the shortest
periods (HM Cnc, V407 Vul, ES Cet and SDSS J0651) could be detected by LISA if
placed at the distance of LMC and SMC. On the other hand, the parameter space
accessible in M31 is currently unprobed.

Next, we consider a test binary (white star in Figure 4.1) to assess the maximal
distance detectable by LISA. Figure 4.2 represents the sky- and inclination-averaged
SNR in the distance-orbital period parameter space for fixed M = 0.9 Mg (left panel)
and in distance-chirp mass parameter space for fixed P = 5min (right panel). As a
reference we indicate the distance of LMC, SMC, M31 and the radius of the Local
Group with dashed horizontal lines. The black solid line shows the LISA detection
threshold of 7. The area below the curve represents the parameter space detectable
by LISA and shows that LISA has the potential to detect DWDs with very short
periods and high chirp masses, like our test source, almost up to the border of the
Local Group.
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4.3 DWD detections in Andromeda

Here we address quantitative estimates for the number of detections in the Andromeda
galaxy. Properties of extra-galactic DWDs are not known, since not a single DWD
has been observed outside our Galaxy. However, because M31 is a spiral galaxy
similar to the Milky Way, we can extrapolate the properties of the Galactic population
of DWDs to that of Andromeda. To obtain a mock population we use the binary
population synthesis code SEBA (Portegies Zwart & Spreeuw, 1996; Toonen et al.,
2012), that has been employed to forecast LISA detections in the Milky Way (Amaro-
Seoane et al., 2017; Korol et al., 2017). The initial stellar population is obtained
assuming the Kroupa initial mass function, a flat binary mass ratio distribution, a log-
flat distribution for the binary semi-major axis, a thermal distribution for the orbit
eccentricity, an isotropic distribution for binary inclination angles, and a constant
binary fraction of 50% (Duchéne & Kraus, 2013; Kroupa et al., 1993; Raghavan et
al., 2010). We use the ya prescription for the common envelope phase, calibrated
on observed DWDs in the Milky Way (Nelemans et al., 2001). The sensitivity of
our model to these assumptions is addressed in Korol et al. (2017) and Toonen et al.
(2017). Finally, we assume the total stellar mass of Andromeda to be twice that of
the Milky Way (e.g., Sick et al., 2015). For all binaries we assign galactic coordinates
(1,b) = (121,-21), d = 800kpc and an inclination angle randomly drawn from a
uniform distribution in cosi. We compute the SNRs as described in Section 4.2.

We find 17 (60) binaries with SNR > 7 in 4 (10) yr of the mission (see Figure 4.3).
In particular, the majority are CO+4+CO and the small fraction are CO-+ONe DWDs.
These detections will clearly appear in the LISA sky as an over-density located at
the position of M31, far from the Galactic disc. Once these sources are identified, a
careful modelling of the waveform would yield an independent confirmation of their
extra-galactic origin as well a novel determination of Andromeda distance. Specifically,
for binaries in M31 the distance can be determined up to 20%, using equation (29) from
Takahashi & Seto (2002). All the binaries detectable by LISA (SNR> 7) will merge
in less than 0.1 Myr. We also find that the LISA sample is complete for P < 3.5 min
and M > 0.7Mg. The completeness is ~ 50% for DWDs with P < 4.5min and
M > 0.6 Mg, and drops to ~ 10% for P < 10min and M > 0.6 M. Given the
completeness and the merger time across the sample we will be directly able to estimate
the DWD merger rate in M31. Note, that here we implicitly assume that all DWDs
with chirp mass > 0.6 Mg merge (e.g., Shen, 2015). However, it is also possible that
at orbital periods of 2 — 3min a DWD starts mass transfer, but how frequent this is
depends on the uncertainties in mass transfer physics (Marsh et al., 2004).

Figure 4.3 shows that there are many more DWDs lying just below the detection
threshold. A possible way of increasing the number of detections is to perform a
targeted search for signals at the position and distance of M31. Specifically, the results
of this study can be used to construct priors for the frequency and chirp mass. We
also suggest that using optical measurements for M31 as priors on the coordinates and
distance can be advantageous.
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Figure 4.3: DWDs in M31: after 4yr (left panel) and after 10yr (right panel) observa-
tion time with LISA. The orange solid line represents the sky- and inclination-
averaged LISA detection threshold of 7. Black dotted lines are iso-merger con-
tours.

4.4 Conclusions

In this letter we explored the detectability of DWDs outside the Milky Way. We proved
that LISA has the potential to detect binaries in neighboring galaxies: LMC, SMC and
M31. We find that, in the LMC and SMC, LISA can detect DWDs with P < 20 min
and M > 0.1 Mg, while in M31 LISA will be sensitive to those with P < 10min
and M > 0.6Mg. Using an example DWD with P = 5min and M = 0.9 Mg, we
showed that binaries with such characteristics can be detected up to 1 Mpc distance,
i.e. within the large volume of the Local Group. In the Andromeda galaxy we found
a dozen, to several tens, of DWDs above the LISA detection threshold for 4 and 10 yr
mission. This gives optimistic prospects for detecting other kind of stellar type GW
sources like AM CVns and ultra-compact X-ray binaries, which will likely have an
electromagnetic counterpart. A large fraction of extra-galactic DWDs detectable by
LISA will have total mass exceeding the Chandrasekhar mass limit and will merge in
less than 1 Myr, meaning that LISA has the potential to provide SNIa merger rates
across the Local Group.
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Chapter 5

A multi-messenger study of the
Milky Way’s stellar disc and
bulge with LISA, Gaia and
LSST

Korol, V., Rossi, E. M., & Barausse, E. 2019, MNRAS, 483, 5518

The upcoming LISA mission offers the unique opportunity to study the Milky
Way through gravitational wave radiation from a large population of Galactic bina-
ries. Among the variety of Galactic gravitational wave sources, LISA is expected
to individually resolve signals from ~ 10° ultra-compact double white dwarf (DWD)
binaries. DWDs detected by LISA will be distributed across the Galaxy, including
regions that are hardly accessible to electromagnetic observations such as the inner
part of the Galactic disc, the bulge and beyond. We quantitatively show that the large
number of DWD detections will allow us to use these systems as tracers of the Milky
Way potential. We demonstrate that density profiles of DWDs detected by LISA may
provide constraints on the scale length parameters of the baryonic components that
are both accurate and precise, with statistical errors of a few percent to 10 percent
level. Furthermore, the LISA sample is found to be sufficient to disentangle between
different (commonly used) disc profiles, by well covering the disc out to sufficiently
large radii. Finally, up to ~ 80 DWDs can be detected through both electromag-
netic and gravitational wave radiation. This enables multi-messenger astronomy with
DWD binaries and allows one to extract their physical properties using both probes.
We show that fitting the Galactic rotation curve constructed using distances inferred
from gravitational waves and proper motions from optical observations yield a unique
and competitive estimate of the bulge mass. Instead robust results for the stellar disc
mass are contingent upon knowledge of the Dark Matter content.
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5.1 Introduction

Because of our vantage observation point, the Milky Way is an outstanding laboratory
for understanding galaxies, whose assembly histories bear the imprint of the cosmolog-
ical evolution of our Universe. As remnants of the oldest stars in the Milky Way, white
dwarfs (WDs) are unique tracers of the Milky Way’s properties. For example, using
the fact that the WD luminosity depends mainly on the stellar age, one can date dif-
ferent Galactic populations by constructing a WD luminosity function (Garcia-Berro
& Oswalt, 2016; Kilic et al., 2017; Liebert et al., 1988; Rowell & Hambly, 2011). More-
over, the WD luminosity function contains information about the star formation and
death rates over the history of the Galaxy. The most ancient WDs in the Galaxy can
make up a sizeable fraction of the dark Galactic stellar halo mass, and, thus, have a
direct impact on our quantitative estimates of the total amount of dark matter in the
Galaxy (e.g. Alcock et al., 2000; Flynn et al., 2003; Napiwotzki, 2009). In this work
we quantitatively show that WDs in close binaries are unique multi-messenger tools
to probe the Milky Way’s structure.

Double WDs (DWDs) are expected to be detected through gravitational wave
(GW) emission by the Laser Interferometer Space Antenna (LISA), an ESA space
mission officially approved in 2017 (Amaro-Seoane et al., 2017). LISA is designed to
detect GW sources in the mHz frequency range, such as merging massive black hole
binaries (~ 10* Mg — 107 M) up to z ~ 15—20 (e.g. Klein et al., 2016), extreme mass
ratio inspirals (e.g. Babak et al., 2017) and Galactic binaries (Breivik et al., 2018; Korol
et al., 2017; Kremer et al., 2017). Therefore, besides probing high-redshift cosmology
(Caprini et al., 2016; Tamanini et al., 2016) and testing the theory of General Relativity
in the strong gravity regime (Barausse et al., 2016; Berti et al., 2016; Brito et al.,
2017), LISA will be the only gravitational experiment capable of exploring the Milky
Way’s structure. Remarkably, the expected number of Galactic binaries that LISA
will be able to resolve individually (i.e. measure their individual properties) amounts
to ~ 10*, among which DWDs will represent the absolute majority (e.g. Korol et al.,
2017; Kremer et al., 2017; Nelemans et al., 2004; Ruiter et al., 2010; Shah et al., 2012).
Overlapping signals from unresolved binaries present in the Galaxy will instead form a
stochastic background signal (Edlund et al., 2005; Robson & Cornish, 2017; Timpano
et al., 2006). Both resolved and unresolved LISA signals will provide information
on the Galactic stellar population as a whole, and can thus be used to study the
Milky Way’s baryonic content and shape. A first quantitative study was carried out
by Benacquista & Holley-Bockelmann (2006), where the authors show that the level
and shape of the DWD background as well as the distribution of resolved sources will
provide constraints on the scale height of the Galactic disc. In this paper we focus on
resolved binaries only and we demonstrate their potential for constraining the shape
of both the disc and the bulge. Moreover, we show that the power to constrain the
overall properties of the Galactic baryonic potential will be significantly enhanced by
using GWs in combination with electromagnetic (EM) observations. The success of
this synergy is due to LISA’s ability to localise binaries through virtually the whole
Galactic plane, thus mapping its shape, while optical observations yield the motion of
stars, tracing the underlying total enclosed mass.

In this work, we use a synthetic population of detached DWD binaries (Section 5.2)
to investigate the precision of LISA distance measurements (Section 5.3) and to test
the potential of using the spatial distribution of the LISA detections to reconstruct
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the density profiles of the Milky Way stellar population (Section 5.4). We focus on
detached binaries because they are “clean” systems where systematics in the system’s
parameter determination are reduced. We also simulate the performances of Gaia
and the LSST at providing astrometric measurements for eclipsing binaries, and we
simultaneously fit the stellar density shape and the Milky Way’s rotation curve (Section
5.5). In Section 5.6 we present our conclusions.

5.2 Synthetic population

The detailed description of our population synthesis model was presented in Toonen
et al. (2012, 2017) and Korol et al. (2017), to which we refer for further details. In
this section we summarise the most important features of the adopted model, focusing
on the Milky Way structure and potential. We also outline the method that we have
used to simulate detections of DWDs with Gaia and the LSST, and the computation
of the signal-to-noise ratios for the latest design of the LISA mission (Amaro-Seoane
et al., 2017).

5.2.1 Initial distributions

In modelling the synthetic population of DWDs we rely on the population synthesis
code SEBA Portegies Zwart & Verbunt (1996, for updates see Nelemans et al. 2001,
Toonen et al. 2012). The initial stellar population is obtained with a Monte Carlo
approach, assuming a binary fraction of 50% and adopting the following distributions
for the binary parameters. First, we draw the mass of the single stars between 0.95 -
10 M® from the Kroupa initial mass function (IMF, Kroupa et al., 1993). Then, we
draw the mass of the secondary star from a flat mass ratio distribution between 0 and 1
(Duchéne & Kraus, 2013). We adopt a log-flat distribution for the binary semi-major
axis and a thermal distribution for the orbit eccentricity (Abt, 1983; Heggie, 1975;
Raghavan et al., 2010). Finally, we draw the binary inclination angle i isotropically
(i.e. from a uniform distribution in cos4). The sensitivity of our population model to
these assumptions is discussed in Korol et al. (2017) and Toonen et al. (2017).

In the canonical picture of binary evolution, a common envelope (CE) phase is
required to form a close system (Paczynski, 1976; Webbink, 1984). This is a short
phase in binary evolution in which the more massive star of the pair expands and
engulfs the companion. When this happens the binary orbital energy and angular
momentum can be transferred to the envelope, due to the dynamical friction that the
companion star experiences when moving through the envelope. Typically, this process
is implemented in the binary population synthesis by parametrising the conservation
equation for either the energy or the angular momentum (see Ivanova et al., 2013,
for a review). In our previous work we modelled two populations, one for each CE
parametrisation, to study whether optical surveys such as Gaia or LSST, as well as
LISA in GWs, will be able to discriminate between the two. In this paper we are mainly
interested in the spatial distribution of DWDs, which does not depend on the specific
CE prescription, and thus we use just one model population. In particular, we choose
the parametrisation based on the angular momentum balance (v-parametrisation),
which was introduced to reconstruct the population of observed DWDs and was fine-
tuned using them (Nelemans et al., 2000, 2001; Nelemans & Tout, 2005).
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Table 5.1: Milky Way model

Parameter | Value
Bulge

My, 2.6 x 101 M,
b 0.5kpc

b, max 3 kpc

Stellar disc

Mgy 5 x 100 M,
Ry 2.5kpc

R4 max 19kpc
Zq 0.3kpc

DM halo

Ph 0.5 x 10" Mgpkpce =3
M, 4.8 x 101 Mg,
Th 20kpc

Th,max 100 kpc

5.2.2 Galaxy model: density distribution, potential and rota-

tion curve

We consider a simple model for the Milky Way, which we assume to be comprised of a
bulge, a stellar disc and a dark matter (DM) halo. We distribute DWDs in the bulge
and in the disc, while the DM halo is needed to reproduce Galactic kinematics. We
do not take into account the stellar halo component because the properties of the WD
population in the halo, and those of the stellar halo itself, are not well known (e.g.
Cojocaru et al., 2015). Furthermore, the signal arising from the halo population is not
expected to contribute significantly to the overall GW signal from the Galaxy (Ruiter
et al., 2009).

The density of DWDs in the disc is assumed to fall exponentially in the radial
direction, R, and to depend on the distance from the mid-plane, Z, through a sech?
function (e.g., Robin et al., 2014). For simplicity, we neglect the dependence on the
stellar age and mass when distributing DWDs in the Z direction, and we assume that
they do not migrate radially. To account for the star formation history of the Milky
Way disc we use the plane-projected star formation rate from Boissier & Prantzos
(1999), ppp, and assume the age of the Galaxy to be 13.5 Gyr (e.g. Jurié¢ et al., 2008).
Analytically, the density distribution of the disc component for our model can be
written as

Pdisc <t7 Ra Z) = PBP (t) e_R/Rd SeCh2 <sz> M@ kp6737 (51>

where 0 < R < 19 kpc is the cylindrical radius measured from the Galactic centre,
R4 = 2.5kpc is the characteristic scale radius, and Z4 = 300 pc is the characteristic
scale height of the disc (Juri¢ et al., 2008). The total mass of the disc in our model
is 5 x 1019 M®. We assume the distance of the Sun from the Galactic centre to be
Re = 8.5kpc (e.g. Schonrich, 2012).

We model the bulge component by doubling the star formation rate in the inner
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Figure 5.1: Density and potential maps of our Milky Way fiducial model in the R— Z plane,
computed numerically with the GALPYNAMICS package. Contour levels in the
upper panel are (20, 30, 50, 100, 300, 10%,10*,10°) x 10° Mg /kpc®. Contour lev-
els in the lower panel corresponds to (—3, —2.5, -2, —1.5, —1.2, —1, —0.9, —0.8) X
(100 km/s)?.

Veirc [km/s]

Figure 5.2: Rotation curve of our Milky Way fiducial model. The contributions from the
disc, bulge and halo are shown by the dotted magenta, dashed-dotted yellow
and dashed blue curves respectively. The total circular speed, given by the
sum in quadrature of the circular speeds of the components, is represented by
the black solid line. The circular velocity at the position of the Sun (8.5kpc),
marked by the grey vertical line, is 235 km/s.
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3kpc of the Galaxy and distributing DWDs according to

Mb —r2/2r? —3
Poulge () = WB /2 Mg kpe ™, (5.2)
where 7 is the spherical distance from the Galactic centre, M}, = 2.6 x 10'° M® is the
total mass at the present time, and r, = 0.5 kpc is the characteristic radius (e.g. Sofue
et al., 2009).
To model the density distribution of the DM halo we use the Navarro-Frenk-White
profile (Navarro et al., 1996):

pom(r) = S
(r/r)(L+7/ry)

where 7y = 20kpc is the scale length of the halo and p, = 0.5x 107 Mkpc ™2 is the halo
scale density. The total mass of the halo can be obtained by integrating equation (5.3)
from the centre to the maximum Galactocentric radius of 100 kpc, which for our fiducial
parameters yields 4.8 x 1011 M. We summarise the values of the parameters adopted
for our Milky Way fiducial model in Table 5.2.1.

The total potential can be computed by solving the Poisson equation

Mg kpe ™3, (5.3)

VZ(I>tot = 47TG(pdisc + Pbulge + PDM) (54>

We solve equation (5.4) numerically using the GALPYNAMICS Python package, which
is designed for the computation and fitting of potentials, density distributions and
rotation curves!. We represent the resulting total density distribution and potential
in Fig. 5.1. Both panels show a very prominent and concentrated bulge component
reflected by the much closer iso-density (upper panel) and equipotential (lower panel)
contour lines near the centre. The contribution of the disc inside the solar Galactocen-
tric radius is clearly seen in the upper panel, and can be inferred from the flattening
of the equipotential lines in the vertical direction in the lower panel of Fig. 5.1. At
R > 15kpc the halo component becomes dominant, as reflected by the spherical shape
of the iso-density and equipotential contours. We compute the Galactic rotation curve
numerically using GALPYNAMICS as

V2

Circ

d(I’tot
(R)=R iR
The result is illustrated in Fig. 5.2, which shows that in our Milky Way model the
bulge component has an important dynamical effect in the central region of the Galaxy
up to ~ 4kpc. In the region between 4 and 14 kpc, the disc dominates the dynamics
of the Galaxy, while at larger radii the DM halo provides the largest contribution to
the rotation curve. In our model the circular velocity at the position of the Sun is
Vo = 235km/s. To compute the random component of DWD motion, we assume that
the velocity distribution in the disc is governed by only two constants of motion, the
energy and the angular momentum along the Z direction. Consequently, the specific
low-order moments of the velocity components can be found as (Binney & Tremaine,
2008)

(5.5)

— 1 e OPyot
== ——— dZ'p(R,Z’ 5.6
UZ p(R, Z) /Z p( ’ ) 8Z’ 9 ( )

>4
]

leALPYNAMICS is a free source Python package developed by G. Iorio and available at https:

//github.com/iogiul/galpynamics
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where p(R, Z) is the density distribution of the Galactic component (bulge or disc)
in cylindrical coordinates. Assuming that there is no stellar motion in the radial and
vertical directions, equation (5.6) provides a direct estimate of the velocity dispersion
or and oz. From equation (5.6) we obtain the velocity moment in the azimuthal
direction:

_ 2
vl = v + f@(pvR) + Ra(bmt.

OR OR (5:7)

We evaluate the last two equations numerically using GALPYNAMICS. At the Sun’s
position we obtain or, 0, and oz equal to 15,30 and 15km/s respectively.

5.2.3 WD magnitudes

The absolute magnitudes of WDs (bolometric and ugrizSloan bands) in our simula-
tion are calculated from the WD cooling curves of pure hydrogen atmosphere models
(Holberg & Bergeron, 2006; Kowalski & Saumon, 2006; Tremblay et al., 2011, and
references therein). To convert the absolute magnitudes to observed magnitudes (e.g.
for the Sloan r band) we use:

Tobs = Tabs + 10 + 5logd + 0.84 Ay, (5.8)

where d is the distance to the source in kpc, 0.84 Ay is the extinction in the Sloan r
band and Ay is the extinction in the V band. To compute the value of Ay at the
source position, defined by the Galactic coordinates (I,b) and the distance d, we use

Av(l,b,d) = Ay(l,b) tanh (dsmb> , (5.9)
where Av(l,b) is the integrated extinction in the direction defined by (I,b) from
Schlegel et al. (1998), hmax = min(h,23.5 x sinb) and h = 120 pc is the Galactic
scale height of the dust (Jonker et al., 2011). To convert ugrizmagnitudes into Gaia
G magnitudes we apply a colour-colour polynomial transformation with coefficients
chosen according to Carrasco et al. (2014).

5.2.4 Detection of DWDs with LISA

GWs produced by a binary of compact objects sufficiently far from coalescence at the
lowest order can be described by the quadrupole approximation (Landau & Lifshitz,
1971). For a circular binary the quadrupole approximation yields a coalescence time
due to GW emission of (Maggiore, 2008):

P 8/3 M ~5/3
~ 1M 1
’ r (12 min) <0.3 M®> ’ (5.10)

where we use typical values for the binary orbital period P and the chirp mass M =
(M1 M>)3/5 /(My + My)'/® for our population in Chapter 3. Thus, a typical merger
time for a DWD in our mock catalogue is of the order of Myr. This is six orders
of magnitude larger than the LISA mission lifetime, thus DWDs can be treated as
quasi-monochromatic GW sources. The dimensionless GW amplitude can be found as

_ 5 f
962 f3d

(5.11)
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Figure 5.3: Source-count maps of DWDs detected by LISA (SNR>7) in the Galactocentric
Cartesian coordinate system defined by equation (5.22): in the Y — Z plane
(top panel) and in the Y — X plane (bottom panel). The white square identifies
the position of the Sun in the Galaxy, (0,8.5kpc,0). Blue triangles represent
the position of EM counterparts detected with Gaia and/or LSST.
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where f =2/P is the GW frequency,

.96 GM\"®
f — E7_‘_8/3 (65) f11/3 (5.12)

is the frequency derivative or chirp (Maggiore, 2008). From equations (5.11)-(5.12),
it follows that the distance can be determined directly by measuring the three GW
observables f, f and A. However, this is possible only for detached binaries whose
dynamics is driven only by emission of GWs. In the case of accreting DWDs (so-called
AM CVns), the chirp contains components of astrophysical origin such as mass transfer
or tides. Consequently, the distance to these sources needs to be determined differently
and requires additional EM observations (e.g. Breivik et al., 2018). Since this work
deals with the possibility of mapping the Milky Way potential by GW observations,
we focus on detached DWDs only. A distinction between the two types of systems in
the LISA data is possible based on the sign of f: detached (AM CVns) systems are
expected to have positive (negative) f . This is due to the fact that the frequency of
an AM CVn system decreases with time because of mass transfer, while the frequency
of a detached system increases because of GW emission (e.g. Nelemans et al., 2004).
When considering a space mission such as LISA, which is constantly in motion with

changing speed and position with respect to a source in the sky, it is more convenient
to work in the heliocentric ecliptic reference frame. In this frame the coordinates of
the source are fixed and the modulation of the GW signal in time is encoded in the
detector response function (e.g. Cutler, 1998). We use the PYGAI1aZ, a Python tool
kit to transform the coordinates of DWDs from the galactic heliocentric frame to the
ecliptic heliocentric frame (so that r.. = d), and we define the LISA reference frame
as

T = Tecl

0 = /2 — arccos(Zec1 /Tecl) (5.13)

¢ = arctan(Yecl /Tecl )-

To compute signal-to-noise ratios (SNRs) for our mock population of DWDs over the
nominal 4yr mission lifetime, we employ the Mock LISA Data Challenge (MLDC)
pipeline, which was designed for the simulation and analysis of GW signals from
Galactic binaries (for details see Littenberg, 2011). The MLDC pipeline characterises
GW signals in terms of 9 parameters: A, f, f, f, sky location (0, and ¢), orbital incli-
nation ¢, GW polarisation ¢ and the binary initial orbital phase ¢¢. Given a synthetic
instrument noise curve, and setting an observation time and a detection threshold, the
MLDC pipeline provides a catalogue of the sources that can be resolved individually
(i.e. those with SNR above the detection threshold), computes the background from
unresolved sources in the catalogue, and estimates the uncertainties on the source pa-
rameters by computing the Fisher Information Matrix (FIM). We adopt the detector’s
design as approved by ESA, i.e. a three-arm configuration with 2.5 x 10°km arm
length and the instrumental noise curve from Amaro-Seoane et al. (2017).

We find 2.6 x 10* DWDs in our catalogue with SNR>7. Their distribution in the
Milky Way is represented in Fig. 5.3: the source-count map is shown in the ¥ — Z
plane (top panel) and in the Y — X plane (bottom panel). We denote the position of

2In this paper we extensively use tools provided by pYGaIa, such as transformations between
astrometric observables and transformations between sky coordinate systems, not only for simulating
Gaia data, but also as a general astronomical tool.
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the Sun by a white square. Figure 5.3 reveals that LISA will detect DWD binaries to
large distances, mapping also the opposite side of the Milky Way. Both maps show
a prominent peak in the central part of the Galaxy, due to the bulge, whereas the
number of detected sources declines when moving outwards (up to > 15kpc) from
the centre, tracing the underlying disc stellar population. The Y — X map shows an
asymmetry with respect to the Y = 0 line due to an observation bias. Indeed, because
the amplitude and SNR of GW signals scale as 1/d, nearby sources have stronger
signals, and consequently there are more detected DWDs around the Sun. We derive
a correction factor to compensate for this bias in Appendix C.

5.2.5 Detection of optical counterparts with Gaia and LSST

Additional information (such as the motion of DWDs) needed to constrain the Milky
Way potential cannot be extracted from GW data, but can be recovered from EM
observations. The sky localization of a source is typically poorly constrained by GWs,
compared to optical observations. A typical position error for LISA is ~ 10 deg, while
a typical position error for Gaia is of the order of pas (Gaia Collaboration et al., 2016).
This makes it difficult to identify counterparts to GW sources in EM databases. In
practice, in order to assemble a sample of optical counterparts, one possibility is to
search in optical catalogues for periodically variable sources with a frequency and
within an area on the sky matching those provided by LISA. To assess whether this
is possible we focus on edge-on binaries, which allow for better parameter estimation
with GWs and are easy to identify in optical as eclipsing. In particular, we consider
two optical surveys, which by the time LISA is launched will be operational and which
are expected to provide large stellar catalogues: Gaia and the Large Synoptic Survey
Telescope (LSST, LSST Science Collaboration et al., 2009). Our previous study shows
that the deep magnitude limit of 21 for Gaia and 24 for the LSST enables the detection
of a significant fraction of the overall DWD Galactic population (Korol et al., 2017).
Here below we summarise our method and results.

We simulate the optical light curves of DWDs detectable with LISA by computing
the flux of a binary for a given orbital phase. We consider spherically symmetric stars
with uniform surface brightness, neglecting the limb darkening effect. In this purely
geometric model, we ignore the gravitational distortion of the stars and their mutual
heating, which is justified given the small size of WDs and the roughly equal size of the
binary components. To evaluate the relative photometric error of a single observation
with Gaia in the Gaia G-band we use:

oc = 1.2 x 1073(0.048952 + 1.8633% + 0.00001985)/2, (5.14)

where Z = max[100-4(12=15) 100-4(G=15)] (Gaia Collaboration et al., 2016). To evaluate
the expected photometric error of a single observation (as an example we use Sloan
r-band) with the LSST we use

o = (025 + 02na) 2, (5.15)

rand — (004 - ’3/)15 + :ym?,
x = 100m=5) ig the random photometric error, and ms and 4 are respectively the 50
limiting magnitude for a given filter and the sky brightness in a given band (LSST
Science Collaboration et al., 2009). Finally, we apply a Gaussian noise to our synthetic
light curves.

where o5 = 0.005 is the systematic photometric error, o2
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Next, we sample the light curves using the predicted Gaia observations obtained
with the Gaia Observation Forecast Tool’, which provides a list of times (in TCB,
Barycentric Coordinate Time) for a given target in the sky. We assign the initial
orbital phase and sample the synthetic light curves with Gaia observations, which
we compute for each source individually. To simulate the LSST sampling we use the
anticipated regular cadence of 3 days over the nominal ten-year life span of the mission.
In order to establish the detectability of the light curves, we first verify whether the
time sequence of simulated observations presents variability, by evaluating the x? for
the observation sequence with respect to the average magnitude; and, second, we
require a minimum number of observations to sample the eclipse phase (~ 3% of
the total number of observations). For each binary we compute 100 realisations of
the light curve sampling by randomising over the initial orbital phase, and we define
the probability of detection as the number of times the light curve was classified as
detected out of 100.

We find 25 and 75 EM counterparts of the LISA sources with respectively Gaia and
LSST, in agreement with our previous work (Korol et al., 2017, where, however, we
simulate GW signals differently). Since there is an overlap of 23 binaries between Gaia
and LSST detections, the total number of unique EM counterparts actually amounts
to 78. We represent these sources with blue triangles in Fig. 5.3. It is evident that
there is a lack of EM detections in the disc plane and in the central bulge (i.e. at low
Galactic latitudes) due to extinction effects. The majority of EM counterparts will
be detected at short distances compared to the extension of the stellar disc: within
2kpc with Gaia and within 10 kpc with the LSST. Thus, we anticipate that combined
GW and EM catalogues will provide information mainly on the local properties of the
Milky Way.

5.3 Distance determinations

The precise determination of distances is a crucial step for studying the spatial dis-
tribution of DWDs in the Galaxy. For DWD binaries the distance can in principle be
independently measured from GW and optical observations, when both are available.
In this section we first forecast the LISA performance at measuring distances when
considering a 4-year long observation run, and then we turn to the distance determina-
tion from parallax with Gaia and the LSST end-of-mission performances. Finally, for
the DWDs with optical counterparts, we show that parallaxes can be used to improve
the GW distance estimates. In the following we denote the distance estimated from
GWs and its error with the subscript “GW?”, and the distance estimated from parallax
measurements and its error with the subscript “EM”. As in previous Sections, we refer
to d with no subscript as the true distance to the source.

5.3.1 Distances from GW data

The distance can be found directly from the three GW observables A, f and f by
inverting equation (5.11):

5c f

daw

Shttp://gaia.esac.esa.int/gost/
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Figure 5.4: Cumulative distribution (left y axis) and total number of detected binaries (right
y axis) for the relative error in distance (blue solid line) and for the sky localisa-
tion error (red dashed line). The dashed vertical line marks our quality require-
ment 04/d < 0.3, and the dotted horizontal line shows the fraction (number) of
LISA detections that satisfies this requirement.

We compute the respective error as

(2)2 N (5’”‘1’)2 N <"f'>2] . (5.17)
A f f ’

where 04 /A,0¢/f and of / f are the diagonal elements of the covariance matrix pro-
vided by the MLDC pipeline (see Appendix B for a more detailed description). We
verify that the terms containing correlation coefficients are at most of the order of 1%,
and we thus neglect them in equation (5.17).

IGW
daw

The cumulative distribution (and total number) of the relative errors of the distance
is represented in Fig. 5.4. Out of 2.6 x 10* binaries individually resolved by LISA only
30% of the catalogue has relative distance errors of less than 30%, which nevertheless
provides a sample of 7.8 x 102 DWDs. In particular, a subsample of ~ 100 DWDs
(0.4% of all resolved binaries) has relative errors on the distance of less than 1%.
These sources have high frequencies (> 3 mHz) and high SNR (> 100), and are located
between 1 and 13 kpc from the Sun. This remarkable precision is due to the fact that
GW SNRs decrease much more slowly with distance compared to EM observations,
and it is at the heart of the unique ability of the LISA mission to study the Milky
Way’s structure. The red solid line in Fig. 5.4 represents the sky localisation error,

AQ = 2mog044 /1 — p§¢ where pyg is the correlation coefficient between 6 and ¢ (e.g

Lang & Hughes, 2008), and shows that about half of all DWDs can be located to
within better than 10 deg? on the sky, with a maximum error in the whole sample of
~ 100 deg?.
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Figure 5.5: Cumulative distribution of the LISA EM counterparts detected either by Gaia
or the LSST (grey solid line), and their median relative error in parallax (blue
dotted line) and proper motion (red dashed line) as a function on the distance
from us. For those DWDs that are detected by both Gaia and the LSST we
select the measurement with smaller uncertainty.

5.3.2 Distances from parallaxes

To simulate the measurement of the parallax w for each optically detected DWD
in our catalogue, we draw w from a Gaussian distribution centred on 1/d and with
standard deviation o,. The Gaia end-of-mission parallax error o, is given by (Gaia
Collaboration et al., 2016)

0 = I1(—1.631 + 680.7662 + 32.73222)/2x

(5.18)
(0.986 + (1 — 0.986)A(V —1)],

where z = max [100.4(12.09 — 15),100.4(G — 15)], V — I is the colour of the object
in the Johnson-Cousins system, and II is a numerical factor that takes into account
the Ecliptic latitude of the source and the number of transits of the satellite at that
latitude*. To transform the colours of DWDs in our mock catalogue from the Sloan
ugriz to the Johnson-Cousins UBVRI system, we use the empirical colour transfor-
mations from Jordi et al. (2006). We also calculate the end-of-mission errors on the
proper motion (o), which can be obtained by re-scaling o by a factor 0.526 (Gaia
Collaboration et al., 2018). Note that we use the end-of-mission errors. To re-scale
the errors for a different observation time one needs to multiply o by (Tiot/Tons)®?,
where T} is the total Gaia mission mission life time and T, is the effective obser-
vation time, both expressed in month (Gaia Collaboration et al., 2018). For example,
for the second Gaia data release this factor is ~ (60/21)%-5. For proper motion errors
the scaling factor is (Tiot/Tobs) .

We estimate the accuracy of the LSST astrometric measurements by interpolating
Table 3.3 of LSST Science Collaboration et al. (2009). In the following, for the EM
counterparts that can be detected by both Gaia and LSST, we utilise the measurement
of the parallax and proper motion with the smaller error.

4Tabulated values for II can be found at:
https://www.cosmos.esa.int/web/Gaia/table-2-with-ascii
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In Fig. 5.5, we represent the cumulative distribution of the LISA EM counterparts
(in grey), and that of their median relative error in parallax (in blue) and proper motion
(in red) as a function of distance. For binaries at d < 1kpc the expected relative error
in parallax is < 20%. These binaries constitute 30% of the EM catalogue and consists
mainly of Gaia measurements (see Fig. 5.6). Beyond 1 — 2kpc all measurements are
provided by the LSST. Although the median relative errors in parallax are larger, the
LSST data is crucial in providing EM measurements out to 10kpc. Forecasting the
proper motion measurements, we show that the relative errors will be < 20% at all
distances.

Different authors have stressed that to correctly estimate distances from parallaxes
a probability-based inference approach is necessary (e.g. Astraatmadja & Bailer-Jones,
2016; Bailer-Jones, 2015; Bailer-Jones et al., 2018; Luri et al., 2018, for Gaia measure-
ments). Essentially, because the measurement of w is affected by uncertainties, one
can only infer the distance in a probabilistic sense by making an assumption on the
true distribution of DWDs in space (the prior distribution). Using Bayes’ theorem,
the posterior probability density of the possible values of dg) can be expressed as

1
P(dEM|’(D,O'w) = Ep(w|dEMao'w)P(dEM); (519)

where Z is a normalisation constant, P(w|dgMm, 0« ) is the likelihood that describes the
noise model of the instrument and P(dgyp) is the prior. We assume that the likelihood
is Gaussian (e.g. Luri et al., 2018). For measurements with relative errors on parallax
0w/ < 0.2, the distance estimates are mainly independent of the choice of the prior.
However, for larger relative errors the quality of the estimates depends on how well
the prior describes the true distribution of distances of the observed sources. In our
sample we expect the choice of the prior to become crucial at d > 1kpc. For this work
we adopt a simple exponentially decreasing volume density prior, described by only
one parameter L, the scale length. In this paper we assume L = 400 pc as in Kupfer
et al. (2018), and we fine-tuned this value by using our mock population to derive
distances for LISA verification binaries using parallax measurements from the Gaia
Data release 2. We associate the most probable value of dgy with the mode of the
posterior distribution, because we expect this distribution to be highly asymmetric
(e.g. Bailer-Jones, 2015). Finally, we compute the errors as opy = (dos — ds)/2s,
where dgs and ds are the boundaries of the 90% credible interval of the posterior
distribution and s = 1.645% (Bailer-Jones, 2015). The result is represented in blue in
the top panel of Fig. 5.6. It is evident that distances inferred from parallaxes follow
the dashed line dops = d up to ~ 1 — 2kpc, while beyond that the estimated distances
systematically start to underestimate the true values. This is due to the large parallax
errors combined with our choice for the prior. However, for these binaries more precise
distances can be derived using additional information from GWs.

5.3.3 Combining GW and EM measurements

For DWDs with EM counterparts, we can use the additional information from EM
observations to improve GW estimates. Again, this can be done by using Bayes’
theorem. We model the GW posterior distribution for the distance as a Gaussian
centred on the distance inferred from GWs, dgw, with a standard deviation equal to

5 s is the ratio of the 90% to 68.3% credible intervals for a Gaussian distribution.
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Figure 5.6: In the left panel: observed distance as a function of the true distance to the
DWD, d. We indicate with dons the distance estimated either from GWs (in
magenta) or from parallax (in blue). We denote distances estimated respectively
from Gaia and LSST measurements with triangles and squares. The dashed
line shows where dons = d. In the right panel: distance estimates obtained by
combining GW and EM measurements through Bayes theorem.
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Figure 5.7: The distribution of relative errors on the distance, estimated from GW obser-
vations (magenta), from optical observations (blue) and from the combination
of the two measurements (hatched).
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ogw (computed from the FIM, I', as described in Sect. 5.3.1). Likewise, we model the
EM posteriors as a Gaussian centred on the distance inferred from the parallax, dgy,
with a standard deviation equal to the corresponding error ogy. The joint posterior
distribution is given by the product of these two Gaussian distributions. This can be
understood from Bayes’ theorem, by noting that the GW and EM observations are
independent, and by using the GW posteriors as priors for the EM inference (or vice
versa). The resulting distribution is again Gaussian with mean equal to the sum of
the individual means weighted by their standard deviations,

2 2
dGWUEM + dEMUGW
2 2
ogMm t 0Gw

dawsEm = , (5.20)

and a standard deviation equal to twice the harmonic mean of the individual standard

deviations,
2 2
0210
EMIGW
OGW+EM = 3 T ) . (521)
9EMm T 9Gw

The result is represented in the right panel of Fig. 5.6. Comparing the top and bottom
panels, it is evident that with this procedure we essentially select the best of the two
measurements. Moreover, we also reduce the uncertainties compared to just selecting
the more precise of the EM or GW measurements individually. Indeed, in Fig. 5.7 we
show that by combining EM and GW data one can significantly improve the fractional
errors on the distance, thus making it possible to use joint GW and EM detections to
study Galactic kinematics, as we show in Section 5.5.

5.4 Radial and vertical density profiles of LISA de-
tections

The distance and the sky localisation from LISA measurements allow one to construct
density maps of DWDs in the Galaxy. Figure 5.3 suggests that LISA has the potential
to reconstruct the density profiles of both the disc and bulge components and derive
their scale lengths. In this section we quantify how well we can recover the scale
parameters of the Milky Way using DWDs.

We define a Cartesian Galactocentric reference frame (X, Y, Z) such that the Galac-
tic disc lies on the (X,Y) plane, and the Sun lies on the positive Y-axis in the Galactic
plane (see also Fig. 5.10). In this reference frame, the position of an object with Galac-
tic coordinates (I,b) at a distance d from the Sun is defined by the set of coordinates:

X =dsinlcosb,
Y =Ry — dcoslcosb, (5.22)
Z =dsinb.

In addition, we define a cylindrical coordinate system about the Galactic centre as

R=VX2+Y2,

Y
0 = arctan — 5.23
arc anX, ( )

Z =dsinb.
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Figure 5.8: Number density profiles for the DWDs detected by LISA as a function of cylin-
drical radius R (top panel), height above the Galactic plane Z (middle panel),
and spherical radius r from the Galactic centre (bottom panel). Magenta points
represent one of 10° realisation of the LISA observations that we performed to
compute the error bars. The blue solid line shows the best fit model and the
blue shaded area shows its 30 uncertainty region. The dashed grey line shows
the true number density.
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We select the subsample of LISA detections with relative error in distance < 30%.
This leaves us with ~ 8 x 10> DWDs (30% of all the binaries detected by LISA). To
compute the radial density profile, we first derive 10° realisations of the 3D binary
positions in the Galaxy by randomly drawing I, b and d from Gaussian distributions®
centred on their true values and with standard deviations computed in Sect. 5.3. For
each realisation we compute the cylindrical Galactocentric distance, R, and we select
sources with 2 < R < 12kpc. The lower limit of the interval in R is motivated by the
number density maps represented in Fig. 5.3, which show a spherical central population
in the inner ~ 2kpc, which we identify with the bulge. The upper limit is motivated
by the poor statistics at R > 12kpc, as can be seen in Fig. 5.3. Next, we count
the number of DWDs in cylindrical shells of width dR = 0.125kpc, dividing by the
shell volume and accounting for the bias (Appendix C). We compute the error on the
number density in each bin as the standard deviation over different realisations. We
represent one of the data realisations by the square symbols in the upper panel of Fig.
5.8 (upper panel). We fit the scale radius Rq and the normalisation with PyYMC37,
using an exponential profile (equation (5.1)). The blue solid curve in the top panel of
Fig. 5.8 shows the best fit model, and the coloured area shows its 3¢ interval. Our
best fit value for the disc scale radius is Rq = 2.54 + 0.08 kpc, in agreement with the
fiducial value of 2.5kpc that we use to generate the Galaxy. Thus, LISA can recover
the disc scale radius with ~ 3% precision.

To study the vertical distribution of DWDs in the disc, we select binaries with
2 < R < 12kpc. First, we bin them in concentric cylindrical rings with a step of
0.125kpc in the radial direction and 0.05 kpc in the vertical direction. Next, we divide
the bin counts by the bin volume 27 RdRdZ. In each radial bin, we model the number
density with a sech?(Z/Z4) function and fit Z4 to test whether the scale height is
constant with R or the vertical distribution of DWDs has a more complex structure.
We find a constant behaviour and therefore we decide to increase the statistics by
computing the average value of Z4 and its error on a stacked radial profile. In this
way, we find Zq = 0.31+0.05 kpc, which is consistent with the fiducial value of 0.3 kpc.

Finally, to estimate the scale radius of the bulge we select DWDs in the inner
1.2kpc to avoid disc contamination. Again, we compute 10° realisation of the binary
positions in the Galaxy by randomly drawing [,b and d for each source. For each
realisation, we estimate the number density profile by counting DWDs in spherical
shells with radius r = VX2 + Y2+ Z2 and dr = 15 pc, dividing this number by the
shell volume and correcting for the bias (Appendix C). Finally, we estimate the error in
each bin as the standard deviation over all the realisations. The result is given by the
magenta triangles in the bottom panel of Fig. 5.8. To fit the scale radius of the bulge,
we use equation (5.2) as the model distribution, and we obtain r, = 0.51 £ 0.013 kpc.
Again, this result is in excellent agreement with the fiducial value of 0.5 kpc.

6We consider the three Gaussian distributions independent because the correlation coefficients
between d, 6 and ¢ are negligible: pqg, pa¢ < 0.1 and pgy < 0.3 in our catalogue.

"PyMC3 is an open source python package for Bayesian statistical modelling and probabilistic
machine learning (Coyle, 2016).
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5.4.1 Model comparison for the disc radial density profile

Heretofore, we have tested how well the simulated GW data trace the underlying den-
sity distribution (i.e. the true model). In this Section we assess whether the simulated
data allow us to discriminate between the true disc surface density distribution and a
model with a different functional form.

We consider a Kuzmin disc (Kuzmin 1956, Toomre, 1963), whose surface density
distribution scales as a power law:

My

Yk(R) = =5 —mo35
27 (K2 1 RL)32

Mg kpe ™2, (5.24)

where My is the mass of the disc and Rk is the model’s radial scale parameter. Un-
like our “true” disc model, whose surface density profile decays exponentially with R,
equation (5.24) yields Y (R) oc R=3 at large R. Thus, we expect the two models to
differ significantly at least at large R.

We fit the simulated data with equation (5.24), and obtain Rk = 3.86 % 0.09 kpc.
We show in Fig. 5.9 a comparison between the best fit to the Kuzmin model (in
red) and the best fit to the exponential disc model (in blue). This figure reveals that
the two models are indistinguishable inside the Solar Galactocentric radius, and start
differing beyond that radius. Therefore, to distinguish between these two models data
far out in the disc are needed, which GW detections can provide (magenta circles in
Fig. 5.9)

We therefore compare the two models using the Widely-applicable Information
Criterion (WAIC), which provides a fit measure for Bayesian models and which can be
applied when the parameter estimation is done using numerical techniques (Watanabe
2010). The WAIC is defined as

WAIC = -2 (LPPD — P), (5.25)

where LPPD is the log posterior predictive density, and P is an estimate of the
effective number of free parameters in the model, which can be interpreted as a penalty
term adjusting for over-fitting®. By definition, lower values of the WAIC indicate a
better fit, i.e the WAIC measures the “poorness” of the fit. We compute the WAIC (P)
with PYMC3, obtaining 895 (2.12) and 1017 (4.6) for the exponential and Kuzmin
disc models respectively (see bottom panel of Fig. 5.9). There is no set threshold
for the difference in WAIC, but typically a difference of 10 or more suggests that the
model with higher WAIC is likely to perform worse. Thus, in our case, the Kuzmin
disc model is more “flexible” with respect to the data, but its predictive power is worse
than the exponential disc model. Furthermore, the error on the WAIC (the expected
predictive error) is also larger for the Kuzmin disc (Fig. 5.9). These factors reveal a
preference for the correct exponential disc model.

8 A higher value of P indicates that the model is the more “flexible” of the two at fitting the data.
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5.5 Kinematics of DWDs

In the previous Section we have shown that one can recover the shape of the baryonic
components of the Galaxy from GW observations alone, but EM counterparts are
required to study the dynamics of the Galaxy. Around 80 DWD EM counterparts
to LISA detections can be observed with Gaia and the LSST through their eclipses
(Sect. 5.2.5). We estimate that both Gaia and the LSST will deliver proper motions
with relative precision < 20% for these binaries. However, it will be hard to have
3D velocities without a spectroscopic follow-up of these sources. DWDs are too faint
to measure their radial velocities with the Radial Velocity Spectrometer (RVS) on
board of the Gaia satellite and, moreover, they are typically featureless in the RVS
wavelength range (Carrasco et al., 2014). Nonetheless, the rotation speed of DWD
EM counterparts around the Galaxy can be computed from proper motions alone
(e.g., Sofue, 2017). In this section we describe how we model DWD velocities, and
we derive the rotation curve for our mock Galaxy using distances estimated from GW
observations as well as proper motions simulating Gaia and the LSST observations.

5.5.1 Kinematic model

Figure 5.10 sketches the geometry of the problem: a DWD at a distance d from the Sun
and at Galactic latitude [ is moving along a circular orbit in the Galactic plane, with
Galactocentric radius R. In the Cartesian coordinate system defined by the coordinate
transformation of equation (5.22), the position vector of the binary can be expressed

as
Rsin6 dsinl
R = <Rcos€> - (RO —dcosl) ’ (5.26)

where 6 is the angle between the Sun and the DWD as seen from the Galactic centre.
By equating the two expressions for the components of R, one obtains sinf = dsinl/R
and cosf = (Ry — dcosl)/R. Thus, we can write the azimuthal velocity as

V =V(R) ( cos ) = V(R) (% _d% €08 l) , (5.27)

—sinf —Esml

In practice, we assign a value of V' (R) to a source by randomly drawing from a Gaussian
centred on the value given by the rotation curve at that R and dispersion given by
equation (5.7). If we neglect the peculiar motion of the Sun and assume that its velocity
in the Galactic plane is Vo = (V5,0), we can write the relative velocity between the
DWD and the Sun as

—Q(R)dsinl (5.28)

where Q(R) = V(R)/R and Qy = Vy/Rg are the angular velocities of the DWD and
of the Sun, respectively. Then, the tangential component can be found by projecting
AV along the line of sight and along the direction perpendicular to it:

AV VvV, (RO(Q(R) — Q) — Q(R)dcos] — Q(R)d) |

V= AV (Zfrf f) — [R) — Qo] Ro cosl — Q(R)d. (5.29)
The proper motions of DWDs can be estimated as
"= Vi arcsec yr— !, (5.30)
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Figure 5.10: Kinematic model for DWDs. GC stands for Galactic centre.

where d is in pc and V4 is in ki /s.

To simulate Gaia and LSST measurements of DWD proper motions, we assign an
observed proper motion fiops to a source by sampling from a Gaussian centred on p
with an error o, given by the instrument response (see Sect. 5.2.5). Similarly we
sample the observed distances from a Gaussian centred on dgwigm with an error
ococw+EM (see Sect. 5.3.3). To compute the observed rotation speed we combine the
simulated measurements according to

R -1

Vobs(R) = — (4.74p0bsdobs + Vo cosl) km s (5.31)

dons — R cosl

For each DWD, we calculate Vops(R) for 10° independent realisations of fins and
dobs, and we assign an observed velocity and measurement error equal respectively to
the mean and the standard deviation of the resulting distribution of Vops(R). The
result is represented in Fig. 5.11. Because Gaia and LSST can probe only relatively
close distances, the rotation curve derived here can provide information only on the
local Galactic properties. However, the one observation point that we have close to
the Galactic centre provides good constraints on the parameters describing the bulge
component, as we show in the following.

5.5.2 Doppler effect due to motion in the Galaxy

In this Section, we calculate the line of sight projection of the velocity, V;, which for
DWDs will not be observed by Gaia and/or LSST, but which will directly influence
the GW observables, as we explain below.
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The motion of the stars in the Galaxy introduces a Doppler shift in the GW
frequency, so that the observed frequency is

f

obs ~ ) 5.32
where V; can be computed by projecting V along the line of sight, i.e.
sinl .
V.= AV (_ cos l) = [Q(R) — Qo] Rosinl. (5.33)
The relation between time intervals at the detector and at the source is
dtobs ~ (1 + Vr) dt. (5.34)
c

By deriving equation (5.32) with respect of time and using equation (5.34) to express
the result in terms of the observed frequency we obtain

, 96 GMOA+V /)1 115 Vi
fobs = Eﬂ-S/g |:(3/):| folgs/‘3 + 7f0bs (535>
c c
and the GW amplitude as
5 fobs
= . 5.36
9672 3_d(1+ V. /<) (5.36)

There are two additional terms in equation (5.35) compared to the original equa-
tion (5.12): the Doppler term containing V;/c and the acceleration term face =
fobsvr/c~

First, we focus on the Doppler term. In the first term of equation. (5.35) we can
replace the chirp mass with the Doppler-shifted chirp mass M(1+V;/c). Similarly, the
Euclidean distance d in equation (5.36) can be replaced with the luminosity distance
d(1 + V;/c)®. This is similar to what happens for cosmological sources, for which the
chirp mass gets “redshifted” (i.e. multiplied by a factor 1+ z, z being the redshift), the
frequency at the source gets replaced by the detector-frame one, and the co-moving
distance is replaced by the luminosity distance. The radial velocities of DWDs as
seen from the Sun are expected to be from a few to a few tenths km/s, meaning that
Vi/c~1075 — 1074,

Next, we estimate the acceleration term facc. Assuming that the total velocity of
a DWD (relative to the observer) is constant, we can express V,. in terms of V; as V, =
V;2/d. For a DWD with a typical frequency of 1mHz, tangential velocity of 10km/s
and distance of 1kpec, we obtain face ~ 10723572, meaning that the contribution of
the acceleration term is facc/fobs ~ 107° — 10™%, thus comparable to the Doppler
term. The same applies to all periodic phenomena, and has long been known in
classical astronomy as “secular acceleration” or “Shklovsky effect” in pulsar timing
(e.g., Pajdosz, 1995; Shklovskii, 1970).

9Note that in the presence of a Doppler shift, the luminosity distance — i.e. the ratio L/(4xF), L
being the intrinsic source luminosity and F' being the energy flux at the detector — differs from the
Euclidean distance d, because energies are red-(blue-) shifted and times are dilated (contracted).
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In general, both the acceleration and the Doppler terms are too small to influence
LISA’s measurements. However, Shah & Nelemans (2014) have shown that for DWDs
with high frequencies and high SNRs, o f / f can be determined with accuracy up to
1074 — 1072, i.e. of the same order of magnitude as the two effects discussed here.
Consequently, for these high frequency binaries the systematic errors on f (and thus
on the distance) due to the motion in the Galaxy can be ~ 10%. We do not take this
into account in the present work, but we suggest that when estimating parameters
for high frequency binaries, the Doppler effect and the acceleration term due to the
motion in the Galaxy can introduce non-negligible systematic errors.

5.5.3 Rotation curve fitting

Although our model is simpler than more realistic representations of the Milky Way
(we do not account e.g. for the spiral arms and the bar), as many as seven parameters
are required to fully characterise its rotation curve: My, ry, Mg, R4, Zq, pn and 1. In
general, the measurement of the rotation speed alone is not sufficient to derive all the
parameters and to break the degeneracies between them. A well known degeneracy
is that between disc and halo parameters, i.e. a smooth flat rotation curve, such as
the one of the Milky Way, makes the transition from the disc dominated to the DM
halo dominated regime very gentle. The measurement of the rotation speed of stars
in the Galaxy provides the total enclosed mass at a given radius, but in general that
is not enough to break the degeneracy between the mass and the scale radius of the
DM halo and disc components. Thus, a global rotation curve fitting requires strong
prior assumptions on the scale lengths of the Galactic components.

To obtain the best set of parameters that reproduce our simulated rotation curve
(Fig. 5.11), we fix r,, Rq and Z3 to the values obtained by fitting the number density
profiles of DWDs, and we fit the remaining parameters using PYMC3. We use as
proposal fitting model the rotation curve computed numerically with GALPYNAMICS
according to equation(5.5), and we leave pp,rn, Mg and M, as free parameters of the
model. For all four free parameters, we set flat uninformative priors in the following
ranges: My and M, are searched between (1 — 10) X 10101\/[@; po and 71, between
(0.1—10) x 10" Mg /kpc? and 10—30 kpc, respectively. At each MCMC step we evaluate
the value of the likelihood times the priors by computing the difference between our
model and the simulated observations. The final posterior probability distribution of
the free parameters is represented in (Fig. 5.11). It shows that DWDs can recover
the mass of the disc and bulge components, but not that of the DM halo. This is
because there is no data at R > 11 kpc, where the halo dominates the dynamics in our
Milky Way model. We estimate the mass of the disc to be My = 5.3712) x 1019 Mg,
and the mass of the bulge to be M, = 2.4970-95 x 10'* M, in good agreement with
our fiducial values. Remarkably, our constraints on the bulge mass are extremely
competitive with those derived from EM tracers (see e.g. Bland-Hawthorn & Gerhard,
2016). The larger errors on the disc mass stem from our choice to leave the halo
parameters unconstrained.

To test whether our method can provide better constraints on the DM halo com-
ponent, we performed an additional simulation with a heavier DM halo, which gives a
larger contribution to the total rotation speed at the Sun position (where most of the
data points lie). Specifically, we performed an additional simulation of DWDs kine-
matics (as described in Sect. 5.5), in which we assign velocities to LISA optical coun-
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terparts using our fiducial Milky Way potential (with scale radius r, = 20kpc), but
with py, = 107 Mgkpe ™. This way the total mass of the DM halo is M}, ~ 10'2 M, as
found e.g. by Rossi et al. (2017). By performing the same fitting procedure as above,
we obtain the posterior probability density distributions for py,ry,, Mg and My, rep-
resented in Fig. 5.13. Again, we obtain M, = 2.7770%, x 10'° Mg, which within a 1o
uncertainty recovers the true value of 2.5 x 10! M. Although with large uncertain-
ties, we can now recover also the true values of the DM halo parameters, py and ry,.
However, by comparing Fig. 5.12 and 5.13, it is evident that this degrades the uncer-
tainty on the disc mass by a factor of ~ 1.5, highlighting the degeneracy between the
disc and the halo components. Thus, an improvement of this analysis should involve
including additional information from DM halo tracers.

5.6 Conclusions

In this study, we quantitatively investigate for the first time the prospects for tracing
the baryonic mass of the Galaxy with a multi-messenger (GW+EM) data analysis
using DWD binaries. The advantages over traditional tracers include the possibility
of looking through the bulge, and beyond, thus allowing one to map both sides of
the Galaxy using the same tracer. We show that this unique property allows one
to recover the scale radii of the baryonic components accurately and with percent
precision. The abundance of GW detections at large distances will also enable one to
disentangle different disc stellar density profiles. Finally, in synergy with optical data,
GW measurements will provide competitive mass estimates for the bulge and stellar
disc.

Our encouraging analysis, however, needs to be further tested against more realistic
Milky Way potentials including, for example, spiral arms and other density asymme-
tries. Onme possible way to perform such a test is to use the matter distributions
resulting from cosmological simulations of Milky Way like galaxies such as the Eris,
APOSTLE and FIRE simulations (Guedes et al., 2011; Hopkins et al., 2018; Sawala
et al., 2016). Furthermore, we should also assess the impact of adding observations of
AM CVn stars (ultra-compact accreting WDs), which although likely less numerous,
may be seen at larger distances in the optical band due to their accretion luminosity.

Finally, our choice to use GW sources and their EM counterparts limits our ability
to constrain the DM halo component of Galaxy. This highlights the importance of
a more precise knowledge of the DM halo to improve baryonic mass measurements.
We therefore envisage that the full potential of our method can be unleashed when
more stringent priors on the halo mass from DM tracers will be available after the full
exploitation of Gaia data (e.g. Contigiani et al., 2018; Posti & Helmi, 2019).



98 A multi-messenger study of the Milky Way

Pr % 10° Mo = 1.811%2
T

P
1 1
1 1
1 1 1
1 1
1 1
1 1
1 (]
1
1 1
1 1
1 1
1 1
1 1
! !
r kpc = 14.092183
(I :
» b !
u A™ ] el i
gV | P4 :
- Q| 14 I
< o RN
o\’ 1 1 1
" B
'\’ |||| 1
My x 101° Ma = 4.76:%42
©] Py
= 9] g | A
1 1 1
BN % B
PR\ R
4 X 1 1 1
I Lol
\.‘ \I |I |I
My x 101° Me = 2.77:843
9 o Tk
7 i
% i
S 2] o
1 [
e 1
S G S
0 © O Al x 6 9 ™ N
NP o F A2 AR Ak AP v «P’v Y e
pn % 108 Mo h kpc Mg x 1010 Mo M, x 1010 Mo

Figure 5.13: The same as in Fig. 5.12, but considering a Galaxy with a heavier DM halo
(M, = 10*Mg), so that at the Sun position the disc and the DM halo give
comparable contributions to the total rotation curve. This ensures that our
simulated observations sample the region of the Galaxy where DM is signifi-
cant.



Appendix A

How to compute signal-to-noise
of GW events

There are important differences between GW and standard astronomy. In electro-
magnetic observations, in every waveband there are sources so strong that they can
be detected even if you know nothing about the source. For example, one does not
need to understand nuclear fusion in order to see the Sun. In contrast, most of the
expected sources of GW radiation are so weak that we expect that usually sophis-
ticated statistical techniques will be required to detect them. A standard technique
involves matching templates of expected waveforms against the observed data stream.
Maximum sensitivity therefore requires a certain understanding of what the sources
look like, and thus of the characteristics of those sources. To optimise the SNR, which
determines the significance of the measurement, we need to apply the theory of signals
and systems.

GW radiation has two independent polarisation states + and x. A general signal
can be described as a linear combination of the two polarisation states:

h(t) = hy(t)Fy + hy Fy. (A.1)

The sensitivity of the detector to these depends upon the relative orientation of the
source and the detector encoded in the response functions F; and Fy. The output of
a detector s(t) contains a superposition of noise n(t) and (if present) a signal h(t):

s(t) = h(t) + n(t) (A.2)

Typically, one expects h(t) < n(t), meaning we need advanced methods to filter out
the noise. There is a well known procedure in signal processing theory that can be
applied to solve this problem called matched filtering (Weiner 1949). Analytically in
can be expressed as:

+oo
aQZ[_S@K@m, (A3)

where K(t) is a real filter function describing the signal that we are looking for. For
simplicity, it is assumed that the noise in the GW detector is stationary and Gaussian
(with zero mean), so that the noise is fully characterised by one-sided noise power
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spectral density (PDS) S, (f),

@R () = 560~ FISa(h) (A.4)

where (...) denote an ensemble average over many noise realisations (Cutler and Flana-
gan 1994). In reality, one has only one realisation of the event, but for the case of
the stationary stochastic noise the ensemble average can be substituted with the time
average. The signal-to-noise ration (SNR) can be now defined as S/N, where S is the
expected value of § when a signal is present, and N the root mean squared value of §
when signal is absent. Since (n(t)) = 0, the signal can be evaluated as

+oo +o0 +oo 5
S = / (s(t))YK(K)dt :/ h(t)K (t)dt :/ h(HYK™(f)df. (A.5)
The last equality was obtained by applying the definition of the Fourier transform
~ +Oo . p
h(f) = / h(t)e2™tdt; (A.6)

“+o0
mwz/ (h)(f)e 24,

and the definition of the convolution of the two functions (for 7 = 0)

+o0 +o0 +oo .

(h* K)(1) :/_ h(t)K(t —7)dt = ‘/_ h(t) : K(f)€2mf(t—r)dfdt (A7)
+oo +o0 ) ‘ too ) ‘

= K*(f)/ h(t)esztdt e—2mf7'df — K*(f)h(f)e_%”f‘rdf.

The squared contribution from the noise N2 is defined as the mean square of the
operation defined in equation (A.3) when no signal is present

+o0 1 ~
N = [ IS DIRUP, (A8)
Finally, the ratio between equations (A.5) and (A.8)

+o0 7 [ %
SRR () "

[ ssunirear]

SNR =

2w

To determine the filter K that maximises the above expression, one needs to define
the scalar product between two real functions

(AB):R[/+MA“fﬁ%ﬂ :4RlA+“A%fﬁmm

o T2u(f) oy |0 @10
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where the second equality holds because both functions A(t) and B(t) are real, and
w(f) is a weighting function. By adopting for a weighing function the noise spectral
density, S, equation (A.9) can be written in the following form

S (ulh)
—_= A1l
N (u|lu)t/?’ ( )
where u is a function whose Fourier transform is
_ 1
a(f) = 3Sa(NE(S)- (A.12)

Since Sy (f) > 0, the scalar product is also positive definite, so it can be seen as “inner
product” on a “vector space” and we are thus searching for the “vector” u/(u|u)'/?
such that its scalar product with h is maximum, meaning we want h and w/(u|u)'/?
to be parallel, so:

(A.13)

where C' is a constant, which can be left out of the calculation because re-scaling §
does not change the SNR. Using this filter, we get that:

( JSV) 1/ 'gﬁ{}{; @ (A14)

Thus, in order to construct the optimal filter, it is necessary to know a priori the form
of the signal h(f).
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Appendix B

Fisher Information Matrix

The measurement precision of the parameters describing the waveform can be fore-
cast by computing the FIM, commonly denoted by T' (e.g. Cutler, 1998; Shah et al.,
2012). The GW waveform produced by a DWD can be characterised by 9 parameters:
A,f,f,f,@,gb,i,dj and ¢g, thus I' is a 9 X 9 matrix. The components of I' can be
computed as

r 2 U a inogh B
5= 507 _Z/ OO, (B.1)

where we assume that for a quasi-monochromatic source the noise power spectral
density at the binary GW frequency, S, (f), is constant over the lifetime of the LISA
mission and a = I, I'] are the two independent two-arm detectors of the LISA current
design (e.g. Cutler, 1998; Seto, 2002; Takahashi & Seto, 2002). We adopt the noise
power spectral density Sy, (f) from Amaro-Seoane et al. (2017). The inverse of the FIM
is the covariance matrix, C. The diagonal elements of the covariance matrix represent
squared o parameter uncertainties, while the off-diagonal elements give the covariances
between parameters. To compute the uncertainty on the distance (ogw) we first
marginalise over the parameters that do not enter the distance determination ( f', 0,¢,9
and ¢g) by removing the corresponding rows and columns from the covariance matrix.
Next, we invert the resulting covariance matrix to obtain a 4x4 FIM in terms of
p=(f, 41, f) only, and we compute the new FIM in terms of new parameters p’ =

(f’dﬂzﬁf)'

Opi Opj 1
TR (B.2)

Finally, the second diagonal element of the inverse of I represents O’éw. We verify
that the results obtained in this manner are equivalent, within 0.001%, to the ap-
proximate expression in equation (5.17). Since equation (5.17) does not account for
the correlations between A, f and f, this excellent agreement must imply that these
correlation terms are negligible. We have indeed verified that this is the case. Note
that in general ogw/dgw is small for binaries with small o / f , i.e. whose chirp is
larger than the instrument resolution in frequency ( fTobs > 1/Tops). Thus, a precise
distance measurement is typically more challenging for DWDs than for e.g. massive
black holes, because the former evolve gravitationally more slowly (equation (5.10)) in
the observation window and because they have much smaller masses. However, within
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the Galaxy, the abundance of DWD binaries is such that we can collect a sizeable
sample with good distance determinations.



Appendix C

LISA observation bias

To derive a simplified analytic expression for the LISA observational bias, we assume
that all DWD binaries have roughly the same chirp mass. Indeed, the observed dis-
tribution of chirp masses is expected to range between 0.2 and 1 Mg, (see Korol et al.,
2017, fig.12). Under this assumption, the SNR is only a function of distance d and
frequency f, and can thus be written as (e.g., Maggiore, 2008):
2/3 /
SNR:Kf / Tobs/Sn(f) E’
d d

where K is a constant that depends on the detector geometry, the sky location of
the source, its orientation and chirp mass, and S, is the noise spectral density of the
detector. At low frequencies (10~* — 1072 Hz) the noise spectral density scales as
Sn o< 1/f* where a ~ 4.7, as obtained by fitting the LISA noise curve from Amaro-
Seoane et al. (2017). Therefore, R ~ f2/3+2/2 and

(C.1)

dN  dN df —(2043a)/(4+30)
—_— = —— = @ o 2
iR~ dfarR % ’ (C.2)

where we have used the fact that the number of sources IV per frequency interval scales
as dN/df oc f~'1/3. This follows from assuming that the population is in a steady
state, i.e. that DWDs have a uniform distribution in time to merger (e.g. Sesana et
al., 2008). By definition, a binary will be detected if observed with SNR = R/d > 7,
so we can compute the LISA detection fraction as!

+oo AN N oo
wo [ SRR~ P, (C.3)
with F' = const.

We test this analytic expression using our mock population. We selected binaries
with SNR > 7 and bin them in the R — 6 space, and we compare this to the same
histogram without the cut in SNR. The ratio between the two histograms represents
the LISA detection fraction. Next, we average the detection fractions over 6 to express

INote that this expression is valid only at large distances d, because the steady-state distribution
dN/df x F~11/3 and the approximation Sy o< 1/f% only hold in a limited range of frequencies. This
is also obvious from the fact that the detection fraction, w, diverges as d — 0. In practice, however,
equation (C.3) reproduces well the results of our simulations.
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Figure C.1: Top panels: Number density distribution of the DWDs detected by LISA in
the Galactic R — Z plane and in the Galactic equatorial plane X — Y. Bottom
panels: same number density distributions corrected for the observation bias
as described in Sect. C. A white square marks the position of the Sun.
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them as a function of R only. We then fit the obtained detection fractions with
w = F dP, and obtain F = 0.016 + 0.04 and 8 = 0.93 4+ 0.04, consistent with the value
in equation (C.3). To show the effect of the correction we compute the surface number
density maps of DWDs in the Galactic X — Y and Zgi planes. In the top panels of
Fig. C.1 we show DWD density maps not corrected for the bias. In the bottom panels
we show the same maps corrected for the bias by assigning a weight w (evaluated using
F =0.016 and 8 = 0.93) to each bin. The effect of the correction is clearly visible in
the bottom right panel of Fig. C.1, where there are fewer sources around the Sun with
respect to the upper right panel.
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English Summary

For centuries astronomers studied the Universe by collecting light, i.e. electromagnetic
wave radiation. Indeed, the human eye is designed to receive part of the electromag-
netic spectrum enabling us to see, explore and investigate our world. Nowadays, we
are living in times of great technological advancements, which allow us to explore our
Universe in a new way - though gravitational wave radiation. Gravitational radiation
or gravitational waves are disturbances in the curvature (fabric) of spacetime, gen-
erated by accelerated masses (see an artistic rapresentation of gravitational waves in
Fig. C.2). Gravitational waves have some similar properties to light. They move at
the same speed in a vacuum, and have a certain frequency and amplitude. Where they
differ from light is that they are not scattered or absorbed by matter. Albert Einstein
predicted the existence of gravitational waves in his general theory of relativity dated
1916. However, their detection became possible only 100 years later, on Septem-
ber 14th 2015, when LIGO (Laser Interferometer Gravitational-Wave Observatory)
physically sensed the distortions in spacetime caused by passing gravitational waves
generated by two colliding black holes nearly 1.3 billion light years away! Gravita-
tional waves are generated by astronomical objects that either do not emit light (such
as black holes in binary systems) or are very faint and are practically undetectable,
even with state-of-the-art telescopes (such as neutron star and white dwarf binaries).
Therefore, we can use them as a new tool for exploring the “invisible” Universe.
There are many gravitational wave sources also in our own Galaxy, the Milky Way.
For example, white dwarf stars in tight binary systems, that spin around each other
in less than 1 hour, are prolific gravitational wave emitters. White dwarfs are the
end point in evolution for most of the stars in our Galaxy, even our Sun will end its
life as a white dwarf. Thus, binary systems composed of two white dwarfs (double
white dwarfs) should be ubiquitous in the Milky Way. The Laser Interferometer Space
Antenna (see Fig. 1.1), in short LISA, is an ESA mission currently in the development
phase, that will detect a large variety of gravitational wave sources, but crucially will
also be sensitive to signals from Galactic double white dwarfs. Although quite faint,
double white dwarfs can also be seen by optical telescopes, and therefore astronomers
call them “multi-messenger” sources. This literally means that we can collect informa-
tion from them using more than one messenger: electromagnetic waves, messengers
of the electromagnetic field, and gravitational waves, messengers of the gravitational
field. These two messengers carry very different information. From the light we can
find out the chemical composition and the temperature of an astronomical object,
while from gravitational waves we can learn about its mass and the distance from us.
By combining these two messengers emitted from the same source we can learn much
more about it than from either gravitational wave or optical observations alone.
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Figure C.2: This illustration shows a binary producing gravitational waves that ripple out-
ward as the binary components spiral toward each other. Image credits: T.
Pyle/LIGO

This work

This thesis proposes to use gravitational wave signals from Galactic double white
dwarfs to study the Milky Way and its neighbourhood. In particular, it explores how
by collecting many electromagnetic and gravitational wave signals from thousands to
millions of binary double white dwarfs spread all across our Galaxy, we can perform
multi-messenger Galactic Astronomy. This overall goal is addressed in the following
independent but complementary questions corresponding to four chapters of the thesis:

e Chapter 2: What is the current census of multi-messenger Galactic binaries?

e Chapter 3: How many multi-messenger double white dwarfs we will have in
the LISA era?

e Chapter 4: How far beyond our Galaxy can LISA detect double white dwarfs;
and what are their properties?

e Chapter 5: What can we learn about Milky Way by combining electromagnetic
and gravitational wave observations?

To answer to the first question, a sample of double white dwarfs previously dis-
covered with optical telescopes is considered. Because one can measure a number of
the key proprieties of binaries from optical observations, it is possible to predict the
gravitational wave signals ahead of the start of the LISA mission, and use these bina-
ries as a reference (verification) when analysing LISA data. This is why the sample of
known sources are also called “LISA verification binaries”. Of course, a requirement is
the knowledge of a verification source’s properties, such as the orbital period, binary
components masses and the distance, to a great precision. In particular, distances
to verification binaries became recently available with the Gaia mission. Gaia is an
ESA space mission designed to map the whole sky and register positions, brightness,
distances and motions for billions of stars in our Galaxy. In Chapter 2 the distances
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to verification binaries are derived from Gaia observations. This helped to establish
that out of about 50 candidate verification binaries observed by Gaia, 13 will be also
detectable by LISA. By using a sophisticated LISA data simulator it was also possible
to predict how well LISA can characterise them.

To perform a global multi-messenger study of the Galaxy, a large number of multi-
messenger sources are required. Therefore, in Chapter 3 quantitative estimates of
the number, and the properties, of the future observations of detached double white
dwarfs detectable by the currently ongoing and future large astronomical surveys were
performed. Such estimates can be realised by combining a number of numerical tech-
niques. The first is to predict the intrinsic properties of double white dwarfs with a
technique called ‘binary population synthesis’. It represents a collection of numerical
recipes for all physical processes involved in binary evolution. These prescriptions are
combined in a code that evolves binary stars from the birth of component stars, to
white dwarf formation and beyond. Secondly, a detailed galactic model is used to
representatively distribute the population of binaries in a synthetic Galaxy. Lastly,
knowing the position and properties of these binaries, one can compute their synthetic
optical and gravitational wave signals. In particular, for optical observations Gaia and
LSST (two future big Galactic stellar surveys) and for gravitational wave observations
LISA are considered. This thesis shows that Gaia, LSST and LISA will soon discover
respectively hundreds, thousands and tens of thousands double white dwarfs, out of
which at least a hundred binaries will be multi-messenger. Thus, it will be possible to
perform muti-messenger Astronomy with them.

Having shown that many new double white dwarfs will be detected with LISA
through GW radiation in our Galaxy, Chapter 4 explores whether LISA can also
detect them in nearby galaxies, those forming the so-called Local Group. Chapter 4
illustrates what properties (specifically mass and gravitational wave frequency) a bi-
nary should have to be detected at a certain distance from the Milky Way. Because the
strength of the gravitational wave signal increases with increasing mass and frequency
and decreases with increasing distance, high frequency massive double white dwarfs
can be seen almost up to the edge of the Local Group. Binaries with such properties
are difficult targets for optical telescopes because more massive white dwarfs are fainter
and smaller. Such high mass and frequency double white dwarfs are very important:
they are thought to generate luminous supernova explosions, used in Astronomy as
distance indicators in the nearby Universe. However, it is still unclear what gener-
ates these explosions. For, example, the merger of two white dwarfs is one possible
way of producing these supernovae. Thus, future observations of double white dwarfs
in our Galaxy and in the nearby galaxies through GWs can confirm or rule out this
possibility.

Finally, Chapter 5 proposes joint EM and GW observations of DWDs for studying
our Galaxy. It is possible to virtually divide the structure of our Galaxy in different
components. The main components are: the bulge - the central dense region, the
stellar disc - an extended flat component, and the halo - a large diffuse component that
encompass the previous two. Chapter 5 shows that using GW detections provided
by LISA one can map the disc and the bulge, providing a tomography of the Galaxy.
There are a number of advantages in using GWs instead of EM radiation for this
study. Firstly, GWs are not obscured by interstellar dust that heavily affects optical
observation in the inner and central regions of the Galaxy. Secondly, the strength of
GW signals decrease much more slowly with increasing distance allowing the detection
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of optically faint sources such as DWD very far away. The ability to study the overall
properties of the Galaxy with DWDs will also be significantly enhanced by using GWs
in combination with EM observations. The success of this synergy is due to LISA’s
ability to localise binaries through virtually the whole Galaxy, thus mapping its shape,
while optical observations yield the motion of stars, tracing the underlying total mass
of matter in our Galaxy.

Main conclusions

This thesis illustrates the potential of future gravitational wave observation with LISA
for Galactic Astronomy. It shows that LISA can discover tens of thousands of new
double white dwarf binaries all across the Galaxy, providing a new way of mapping
Milky Way’s structure. More importantly, one can combine optical and gravitational
wave observations of these binaries as they emit both detectable gravitational waves
and light. This will allow one to perform multi-messenger Galactic studies. This thesis
shows an example of a multi-messenger study leading to precise quantitative estimates
of the mass of the main stellar components of the Galaxy (the bulge and disc). In
addition, gravitational waves signals can reach us from nearby galaxies: for example,
the Magellanic Clouds and the Andromeda galaxy. To be detected by LISA, these
extra-galactic double white dwarfs need to be more massive and orbit around each
other faster than sourecs in our Galaxy. Such double white dwarfs are believed to be
the progenitors of luminous supernova explosions. This thesis highlights that LISA
may be our best tool for understanding the nature of these supernova events.
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Figure C.3: Milky Way at different frequencies from radio to gamma rays (image cred-
its: NASA) The bottom panel show the Milky Way as seen by LISA through
gravitational wave radiation from Galactic double white dwarf binaries (this
thesis).
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Nederlandse Samenvatting

Eeuwenlang hebben sterrenkundigen het heelal bestudeerd door licht, oftewel elek-
tromagnetische straling, op te vangen. Het menselijk oog is ontworpen om een deel
van het elektromagnetische spectrum op te vangen, waardoor we onze wereld kunnen
zien, verkennen en onderzoeken. Tegenwoordig leven we in tijden van grote technolo-
gische vooruitgang, waardoor we ons heelal op een nieuwe manier kunnen verkennen,
namelijk door middel van zwaartekrachtgolfstraling. Zwaartekrachtstraling, of zwaar-
tekrachtgolven, zijn verstoringen in de kromming (de structuur) van de ruimtetijd,
gegenereerd door versnelde massa’s (zie een artisticke weergave van zwaartekracht-
golven in Fig. C.4). Zwaartekrachtgolven en licht hebben een aantal eigenschappen
gemeen. Ze bewegen met dezelfde snelheid in een vacuiim en hebben een bepaalde
frequentie en amplitude. Maar in tegenstelling tot licht, worden zwaartekrachtgolven
niet verstrooid of geabsorbeerd door materie. Albert Einstein voorspelde het bestaan
van zwaartekrachtgolven in zijn algemene relativiteitstheorie uit 1916. Hun detec-
tie werd echter pas 100 jaar later mogelijk, op 14 september 2015. De LIGO (Laser
Interferometer Gravitational-Wave Observatory)-detector nam toen de vervormingen
in de ruimtetijd waar die werden veroorzaakt door passerende zwaartekrachtgolven,
gegenereerd door twee botsende zwarte gaten op een afstand van bijna 1,3 miljard
lichtjaren! Zwaartekrachtgolven worden veroorzaakt door astronomische objecten die
ofwel geen licht uitstralen (zoals zwarte gaten in dubbelsystemen) of die erg zwak zijn
en praktisch niet waarneembaar zijn, zelfs niet met geavanceerde telescopen (zoals
neutronensterren en dubbele witte dwergen). Daarom kunnen we ze gebruiken als een
nieuw hulpmiddel om het “onzichtbare” heelal te verkennen.

Ook in ons eigen sterrenstelsel, de Melkweg, zijn veel zwaartekrachtgolfbronnen.
Witte dwergsterren in nauwe dubbelsystemen die in minder dan een uur om elkaar
heen draaien, zijn bijvoorbeeld sterke bronnen van zwaartekrachtgolven. Witte dwer-
gen vormen het eindpunt van de evolutie voor de meeste sterren in onze Melkweg. Zelfs
onze zon zal haar leven beéindigen als een witte dwerg. Daarom zouden dubbelsterren
die uit twee witte dwergen bestaan (dubbele witte dwergen), alomtegenwoordig moe-
ten zijn in de Melkweg. De Laser Interferometer Space Antenna (Fig. 1.1), kortweg
LISA, is een ESA-missie die zich momenteel in de ontwikkelingsfase bevindt en een
grote verscheidenheid aan zwaartekrachtgolfbronnen zal detecteren. Maar een cru-
ciaal aspect van LISA is dat het gevoelig genoeg is om signalen van dubbele witte
dwergen op te vangen. Hoewel vrij zwak, kunnen dubbele witte dwergen ook worden
gezien door optische telescopen. Daarom noemen sterrenkundigen ze multi-messenger-
bronnen. Dit betekent letterlijk dat we informatie van hen kunnen verzamelen met
behulp van meer dan één boodschapper: elektromagnetische golven, de boodschap-
pers van het elektromagnetische veld en zwaartekrachtgolven, de boodschappers van
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Figuur C.4: Deze illustratie toont een dubbelster die zwaartekrachtgolven genereert die
naar buiten rimpelen terwijl de componenten van dubbelster spiraalsgewijs
naar elkaar toe bewegen. Bron: T. Pyle / LIGO

het zwaartekrachtveld. Deze twee boodschappers bevatten zeer verschillende informa-
tie. Vanuit het licht kunnen we de chemische samenstelling en de temperatuur van
een astronomisch object achterhalen, terwijl we van zwaartekrachtgolven kunnen leren
over zijn massa en de afstand tot ons. Door deze twee boodschappers die van dezelfde
bron afkomstig zijn te combineren, kunnen we veel meer over die bron leren dan door
zwaartekrachtgolven of door optische waarnemingen alleen.

Dit proefschrift

Dit proefschrift stelt voor om zwaartekrachtgolven van galactische dubbele witte dwer-
gen (in ons eigen sterrenstelsel) te gebruiken om de Melkweg en zijn omgeving te
bestuderen. Het onderzoekt in het bijzonder hoe we galactische multi-messenger-
sterrenkunde kunnen doen door het verzamelen van veel elektromagnetische en zwaar-
tekrachtgolfsignalen van duizenden tot miljoenen dubbele witte dwergen verspreid in
onze Melkweg. Dit algemene doel wordt behandeld in de volgende onafhankelijke maar
aanvullende vragen die overeenkomen met vier hoofdstukken van het proefschrift:

e Hoofdstuk 2: Wat is de huidige telling van multi-messenger galactische dub-
belsterren?

e Hoofdstuk 3: Hoeveel multi-messenger dubbele witte dwergen zullen we in het
LISA-tijdperk hebben?

e Hoofdstuk 4: Hoe ver buiten ons sterrenstelsel kan LISA dubbele witte dwergen
detecteren; en wat zijn hun eigenschappen?

e Hoofdstuk 5: Wat kunnen we over de Melkweg leren door elektromagnetische
en zwaartekrachtgolfobservaties te combineren?

Om de eerste vraag te beantwoorden, wordt een verzameling van dubbele witte
dwergen bestudeerd die eerder met optische telescopen zijn ontdekt. Omdat men
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een aantal van de belangrijkste eigenschappen van dubbelsterren uit optische waar-
nemingen kan meten, is het mogelijk om de zwaartekrachtgolfsignalen voorafgaand
aan de LISA-missie te voorspellen en deze dubbelsterren te gebruiken als een refe-
rentie (verificatie) bij het analyseren van LISA-gegevens. Dit is de reden waarom
verzameling van bekende bronnen ook de LISA werfication binaries, oftewel LISA-
verificatie-dubbelsterren wordt genoemd. Uiteraard is het hiervoor noodzakelijk om
kennis te hebben van de eigenschappen van een verificatiebron, zoals de baanperi-
ode, de dubbelstercomponentenmassa’s en de afstand, tot grote precisie. Met name
de afstanden tot verificatie-dubbelsterren zijn onlangs beschikbaar gekomen met de
Gala-missie. Gaia is een ESA-ruimtemissie die is ontworpen om de volledige hemel
in kaart te brengen en de posities, helderheid, afstanden en bewegingen te registre-
ren voor miljarden sterren in onze Melkweg. In Hoofdstuk 2 zijn de afstanden tot
verificatie-dubbelsterren afgeleid van Gaia-waarnemingen. Dit hielp om vast te stellen
dat van de ongeveer 50 kandidaat-verificatie-dubbelsterren die door Gaia zijn waar-
genomen, 13 ook door LISA kunnen worden gedetecteerd. Door een geavanceerde
LISA-datasimulator te gebruiken, was het ook mogelijk om te voorspellen hoe goed
LISA ze kan karakteriseren.

Om een multi-messenger-studie te doen van de Melkweg, is een groot aantal multi-
messenger-bronnen vereist. Daarom werden in Hoofdstuk 3 kwantitatieve schattin-
gen gemaakt van het aantal en de eigenschappen van de toekomstige waarnemingen
van vrijstaande dubbele witte dwergen die door de huidige lopende en toekomstige
grote astronomische waarneemprogramma’s kunnen worden gedetecteerd. Dergelijke
schattingen kunnen worden gerealiseerd door een aantal numerieke technieken te com-
bineren. De eerste voorspelt de intrinsieke eigenschappen van dubbele witte dwergen
met een techniek die “dubbelsterpopulatiesynthese” wordt genoemd. Deze techniek
vertegenwoordigt een verzameling numerieke recepten voor alle fysische processen die
betrokken zijn bij dubbelsterevolutie. Deze voorschriften worden gecombineerd in
een code die dubbelsterren evolueert vanaf de geboorte van componentsterren tot
de vorming van een witte dwerg en verder. De tweede techniek gebruikt een ge-
detailleerd galactisch model om de populatie van dubbelsterren in een synthetisch
sterrenstelsel representatief te verdelen. Als de positie en eigenschappen van deze
dubbelsterren bekend is, kan men als laatste hun synthetische optische en zwaarte-
krachtgolfsignalen berekenen. In het bijzonder worden voor optische waarnemingen
Gaia en LSST (twee toekomstige grote waarneemprogramma’s aan de sterren in onze
Melkweg) en voor zwaartekrachtsgolf waarnemingen LISA beschouwd. Dit proefschrift
laat zien dat Gaia, LSST en LISA binnenkort respectievelijk honderden, duizenden en
tienduizenden dubbele witte dwergen zullen ontdekken, waarvan minstens honderd
multi-messenger-dubbelsterren zullen zijn. Het is dus mogelijk om muti-messenger-
sterrenkunde met ze uit te voeren.

Nadat we hebben aangetoond dat veel nieuwe dubbele witte dwergen zullen worden
gedetecteerd met LISA door middel van zwaartekrachtgolfstraling in ons sterrenstelsel,
onderzoekt Hoofdstuk 4 of LISA ze ook kan detecteren in sterrenstelsels in de buurt,
die de zogenaamde “Lokale Groep” vormen. Het illustreert welke eigenschappen (spe-
cifiek massa en zwaartekrachtgolffrequentie) een dubbelster op een bepaalde afstand
van de Melkweg moet hebben, om te kunnen worden gedetecteerd. Omdat de sterkte
van het zwaartekrachtgolfsignaal toeneemt met toenemende massa en frequentie en
afneemt met toenemende afstand, zijn hoogfrequente massieve dubbele witte dwergen
bijna tot aan de rand van de Lokale Groep te zien. Dubbelsterren met dergelijke
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eigenschappen zijn moeilijke doelen voor optische telescopen, omdat massieve witte
dwergen zwakker en kleiner zijn. Zulke dubbele witte dwergen met een hoge massa
en frequentie zijn erg belangrijk: ze zijn kandidatend om heldere supernova-explosies
te genereren, die in de sterrenkunde worden gebruikt als afstandsindicatoren in het
nabije heelal. Het is echter nog steeds onduidelijk wat deze explosies genereert. De
samenvoeging van twee witte dwergen is e’e’'n manier om deze supernovae te produ-
ceren. Toekomstige waarnemingen van dubbele witte dwergen in onze Melkweg en in
de nabije sterrenstelsels via zwaartekrachtgolven zullen deze mogelijkheid bevestigen
of uitsluiten.

Tot slot stelt Hoofdstuk 5 voor om elektromagnetische en zwaartekrachtgolfwaar-
nemingen van dubbele witte dwergen samen te voegen om onze Melkweg te bestuderen.
Het is mogelijk om de structuur van onze Melkweg te verdelen in verschillende com-
ponenten. De belangrijkste componenten zijn: de bulge (centrale verdikking) - het
centrale dichte gebied, de galactische schijf - een verlengde platte component, en de
halo - een groot een grote diffuse component die de vorige twee omvat. Hoofdstuk
5 laat zien dat met zwaartekrachtgolfdetecties van LISA de schijf en de verdikking
in kaart kunnen worden gebracht, waardoor een tomogram van de Melkweg ontstaat.
Het gebruik van zwaartekrachtgolven in plaats van elektromagnetische straling heeft
een aantal voordelen voor deze studie. Ten eerste worden zwaartekrachtgolven niet
verdoezeld door interstellair stof dat de optische waarneming in de binnenste en cen-
trale gebieden van de Melkweg sterk beinvloedt. Ten tweede neemt de sterkte van
zwaartekrachtgolfsignalen veel langzamer af met toenemende afstand, waardoor de
detectie van optisch zwakke bronnen zoals dubbele witte dwergen op grote afstand
mogelijk is. Het vermogen om de algehele eigenschappen van de Melkweg door mid-
del van dubbele witte dwergen te bestuderen, zal ook aanzienlijk worden verbeterd
door zwaartekrachtgolven te gebruiken in combinatie met elektromagnetische waarne-
mingen. Het succes van deze synergie is te danken aan het vermogen van LISA om
dubbelsterren te lokaliseren in vrijwel de hele Melkweg en daarmee de vorm ervan in
kaart te brengen, terwijl optische waarnemingen de beweging van sterren blootleggen,
waardoor de totale materiemassa in onze Melkweg wordt blootgelegd.

Conclusies

Dit proefschrift illustreert het potentieel van toekomstige zwaartekrachtgolfobserva-
ties met LISA voor sterrenkundige studies van onze Melkweg. Het laat zien dat LISA
tienduizenden nieuwe dubbele witte dwergen in de hele Melkweg kan ontdekken, wat
een nieuwe manier is om de structuur van de Melkweg in kaart te brengen. Nog
belangrijker is dat men optische en zwaartekrachtgolfwaarnemingen van deze dubbel-
sterren kan combineren, omdat ze zowel waarneembare zwaartekrachtgolven als licht
uitstralen. Hierdoor is het mogelijk om multi-messenger galactisch onderzoek uit te
voeren. Dit proefschrift laat een voorbeeld zien van een multi-messenger-onderzoek
dat leidt tot precieze kwantitatieve schattingen van de massa van de belangrijkste stel-
laire componenten van de Melkweg (de verdikking en de schijf). Daarnaast kunnen
zwaartekrachtgolfsignalen ons bereiken vanuit nabije sterrenstelsels: bijvoorbeeld de
Magelhaense wolken en het Andromedastelsel. Om door LISA te worden gedetecteerd,
moeten deze extragalactische dubbele witte dwergen (buiten de Melkweg) massiever
zijn en sneller om elkaar heen draaien dan bronnen die tot nu toe bekend zijn in onze
Melkweg. Zulke dubbele witte dwergen worden verondersteld de voorlopers te zijn van
heldere supernova-explosies. Dit proefschrift benadrukt dat LISA misschien wel ons
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Figuur C.5: De Melkweg op verschillende frequenties van radio tot gammastraling (bron:
NASA). Het onderste paneel toont de Melkweg in zwaartekrachtgolfstraling van
galactische dubbele witte dwergen, zoals gezien door LISA (dit proefschrift).

beste instrument is om de aard van deze supernovae te begrijpen.
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YKpalHChbKe pe3loMe

IIpoTsirom cToMiTH acTpoHOME BUBYaJM BeecBiT 3a OTOMOTOIO CBiT/IA, 8 caMe eJIeKTPO-
MAarHiTHOIO XBUMJILOBOI'O BUIIpOMiHeHHs. | crpaBii, JIIOJChKE OKO 3/aTHE CIPUHMATH
YaCTUHY CIEKTPY €JIEKTPOMATHITHOIO BUIPOMIHIOBAHHS, IO JIA€ HAM 3MOTY BUBYATHU
Ta JIOC/IKYBATH HAII CBIT. ¥ HAIl Yac HAM JOCTYIHI HEMMOBIpHI TexHOJIOTidHI T10-
CSATHEHHSI, 0 POOJIATH MOXKJIMBUM JIOCJIII2KEHHSI BCECBITY Yepe3 NMpU3My BHIIPOMiHe-
HH¢ rpaBiTaliitHux XBuJib. ['paBiTariiiine BUIpOMiHIOBaHHs a00 2K TpaBiTarfiiini xBui
€ 30ypeHHsIM Y BUKDPUBJIEHHI IPOCTOPY-YaCy, CTBOPEHE [IPUCKOPEHUME MacaMu (JIUB.
XYJIOKHE IIPECTABICHHs rpaBiTaniiinux xBujb Ha puc. B.6). I'pasitaniitni xsusi mae
JeKi CIUIBHI pucH 3 CBITJIOM. ¥ BaKyyMi IXHs IMIBUJAKICTH OTHAKOBA, & TAKOXK MAIOTh
[IEBHY YacCTOTy Ta aMILITYIy KojuBaHHs. A BiapisHse 1X Bij cBiTiia Te, 110 BOHH HE
PO3CIIOIOThCS YH MOIVIMHAIOTHCA MaTepiero. Anpbepr EifHmreiin nepenbadyus icHyBaH-
Hsl IpaBiTAIliHIX XBUJIb ¥ CBOIii 3araJjibHiii Teopil BimHocHocTi y 1916 pomi. OxHak, ix
peecTpallist cTajga MOYKJIMBOIO JIUIIE TIMTHKU depe3 cToiTTd, 14 Bepecus 2015 poky, Ko-
sn JIIT'O (JTazepna inTepdepomerpudna rpaBiTaniiHo-XBuib0Ba 00cepBaTopis) (aHriL.
Laser Interferometer Gravitational-Wave Observatory, LIGO) ¢disuuno 3apeecrpysan
30ypeHHs IPOCTOPY-9acy CUPUINHEHH] I'PABITAIITHUMI XBUJISIMU 3T€HEPOBAHIMU 3JIH-
TTSIM JIBOX YOPHUX JIp HA Bijcrtami 1.3 Mupia. cBiTIOBUX pOKiB Bix Hac. I'pasiTariitai
XBHUJI yTBOPIOIOTHCS ACTPOHOMIYHUM TiJIaMU, IO HE BUIIPOMIHIOIOTH CBIiTJIO, SIK OT YOp-
Hi Jiipu y 6iHAPHUX cuCcTeMax, abo K Jieb BUIIPOMIHIOIOTH, [0 HABITH HAWIOCKOHAJIIIT
TeJIECKOIIN He B 3MO31 floro 3apeecTpyBaTi, K OT OiHAPHI cucTeMu O6LIMX KapJIUKiB abo
2K HeWTPOHHUX 3ipoK. TakuM YMHOM, MM MOXKEMO BHKODPHUCTOBYBATHU IX K HOBUU iH-
CTPYMEHT JIOCTII>KEHHST “HEBUIMMOTO” BCECBITY.

Y mamiit Nasrakrumi, Yymanpkuit [HInax, icaye BesmKa KiTbKIiCTb JIzKepesT IpaBiTa-
miitanx xBuiib. Hampukiianm, 611 kapyimkn y TicHuX 6iHApHUX crcTeMax, mo obepTao-
ThCsT HABKOJIO OIUH OJHOTO MEHII HizK 3a 1 Toauiy, € 6araTuM JKepeioM rpaBiTaiitnux
XBUJIb. BisTi Kap/IMKu € KiHIEBOIO BiXOI0 €BOJTIONIT OL/IbITOCTi 3ipoK y Hammii [amakTu,
6a HaBiTh Haire CoHIlE y KiHI[ CBOIO iCHYBaHHsI IIEPETBOPUTHCs Ha Oij1oro KapJsmka. Ta-
KM 9YMHOM OiHApHI cucTeMu OLINX KapJ/IMKiB IIOBUHHI Oy TH MIUPOKO PO3IOBCIOZKEHH] Y
Yymarpkomy lngaxy. Kocmiuna anrena sasepnoro inrepdepomerpa (LISA, puc. 1.1)
1e micig €Bporneiicbkoro kocmiunoro arenrcrsa, €KA (European Space Agency, ESA),
IO 3HAXO/IUTHCS ¥ PO3POOII Ta MATHUME 3MOTY PEECTPYBaTH PI3HOMAHITHY KiTbKiCTH
JPKepeJsI TpaBiTaliiinux XBuib 6a a Oibire OyJie YyT/IMBUAM JI0 CUIHAJIB Bij OiHApHUX
cucreM 01X KapjukiB. TakoXK BOHM MOXKYTb OyTH Jie/lb IOMITHI JiJIsl OIITUYHUX Te-
JIECKOIIIB, & OTYKe HAYKOBI[l MOXKYThb BBaXKaTH 1X “DararokaHajbHuMEK’ JKepesaMu. A
e 03HAYAE, IO MU MOYXKEMO OTPHMYBATH Bix HUX iHMOpMAIio y PI3HUX IJIOMUTHAX:
€JIEKTPOMArHITHI XBWJIL BiJl €JIEKTPOMArHiTHOTO TI0JIsi, & IpaBiTalliiiHi XBUJI BiJl rpasi-
TariiiHoro moJisi. BoHu HecyThb y cobi mayxKe pisHy indgopmMmariio. CBIiT/IO HaM J1a€ 3MOry
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Puc. B.6: Liocrpariiss 1eMOHCTPY€E CTBOPEHHSI T'PAaBITAIIHIX XBUJIb OIHAPHOIO CHCTEMOIO,
[0 PO3XOJSATHCS BiJl IIEHTPY Yy TOI Yac K KOMIIOHEHTH CUCTEMU PYXAIOThCs OJIUH
110 omHOro no cmipadi. Image credits: T. Pyle/LIGO

J3HATUCS OLIbIe PO XIMIYHWI CKJIaJl Ta TEMIIEPATypPy aCTPOHOMITHOTO 00’€KTY, Y
TOI caMuil Yyac rpaBiTalliiiHi XBUJII MTOBLJIOMJISIOTH HaM IIPO OTr0 Macy Ta BiJICTaHb BiJl
nac. [loeauyroun 1110 iHGOPMAIIIIO 3 OTHOIO JIZKEPeia MA MOXKEMO TI3HATUCSI IIPO HBOTO
GistbITie, HIXK BiJ IPaBITAIINHUX XBUJIb YU ONTUYHUAX CIIOCTEPEKEHBb OKPEMO.

Huceprarist

Ils nucepTaliisi TPOTIOHYE BUKOPUCTAHHS CUTHAJIB TpaBiTAIfHUX XBUJIb Bij OiHAp-
HUX OLIMX KapJIMKIB JJIsi BUBYEHHs HAIIOl [aJlakTuKu Ta 11 OKOJIMIlh. 30KpeMa, BOHA
BUBYAE Te K 30ip CUTHAJIB IpaBiTAIiiHUX Ta €JIeKTPOMATHITHUX XBUJIb 3 THCSIY Ta
Mi/TbitOHIB OiHAPDHMX cUCTEM OLINX KapJnKiB PO3KMAAHUX 1O Beiil mamiit [amakTuri
YMOXKJIMBJIIOE OararomkepenbHy Lanakruuny Acrponomiio. Ils MeTa BHCBITIIOETHCS
Yy HACTYIIHAX He3aJIeXKHUX, aJjle JIONOBHIOIYUX OJMH OJHOIO IMUTAHHSX BUCBITIEHUX y
YOTUPHOX PO3JiJIaxX INEl JIUMcepTalrii:

e Poznain 2: fka kinbkicTs 6araTomkepesbHuX OiHAPHUX crcTeM y [ajakTumi Ham
BBLIOMA?

e Pozmin 3: Ckinbku 6ararozkepesibHUX MMOABIHHUX OLINX Kap/ukiB Oyae HaM
JocTyHO mpoTsaroM micil LISA?

e Poszain 4: dx jpaneko 3a mexkamu namoi ajakruku LISA 3moxe peectpyBaTu
moBIftHUX O1TMX KAPJINKIB; Ta sKi B HUX BJIACTUBOCTI?

e Pozain 5: IIlo mu moxkemo mizHaTuca npo Ha Uymanbkuit [1lnax moemmaBimm
HAI JIOCJI/PKEHHS] eJIEKTPOMATHITHUAX Ta I'PABITAIINHUX XBUJIh?

s Biamosial Ha mepine 3aIuTaHHsT PO3MVISIIAETHCA 3PA30K MOABIHHNX OIINX Kap-
JIVKIB, PaHiIlle BUSBJICHUX 3 ONTUIHIME TejaecKkornaMu. OCKIIbKI MOYKHA BUMIPATH PsifT
KJIIOYOBUX BJIACTUBOCTEH ODIHAPHUX €JIEMEHTIB 3a JOIMOMOIU OINTHYHUX CIOCTEPEKEHD,
CTa€ MOYKJIMBUM IIPOI'HO3YBATU CUTHAJU T'PABITAIINHUX XBUJIb IIEPEJT ITOYATKOM Micil
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LISA, i BukopucroByBaTu 11i 6iHapHi cucTeMu K npukJa (Bepudikaliis) npu anasisi
maanx LISA. Ock womy BUGIpKa BIIOMUX JKEpES TAKOXK HA3WBAETHCS “Bepudikariiitai
Ginaphi cucremu LISA”. 3Buuaiito, jiyist GLJIbIIOT TOYHOCT] BayKJIUBUM € HASBHICTD Jla-
HUX IOJI0 BJIACTUBOCTEl JKepesia Bepudikallil, TaKuX K OpOITaJbHUN 1Mepioj, Macu
KOMIIOHEHTIB OIHADHUX CHCTEM Ta BIJICTaHb MiXK HAMH. 30KpeMa, BiJICTaHb JI0 Bepu-
dikarmiitanx OGiHApHEX CHCTEM CTaJa JOCTYIHOIO 3aBisku Micii Gaia. Gaia mie Kocmi-
qHa Micis ESA, npusHadena cTBOpEHHSI MAIl yChbOro HEOOCXMITY 1 peecTpariil mo3uIIii,
sJICKPaBOCTi, BijicTaHel i pyxiB /s Mibap/aiB 3ipok Hamol [amaktuku. Y Posgimi 2
BijicTaHi 710 BepudikalliiHuX GIHAPHUX CHCTEM OTPUMAHHI 3aBJISIKU CIOCTEPEIKEHHSIM
Micii Gaia. Boun momomorsim BcranoBuTH, o npubsimsno 3 50 icHyrounx Bepudika-
nitaux 6inapHux cucreM, BusBieranx Gaia, 13 takox moxkHa Oyne Bussutu LISA. 3a
JIOTIOMOT0I0 CKJIaJIHOTO cuMysisitopa jarux LISA Takoxk MoxkHa OyJIo mependaduT,
HacKUIbKH j106pe LISA Moxke Tx oxapakTepu3yBaTH.

ITTo6 BuKoHATH TyIODAIbHE DaraToraIy3eBe JOCTiIKeHHsT ['aJakTnKy, moTpibHa Be-
JINKA KIiJIBKICTh JizKepes MyJabTH-MeceH/KepiB. Tomy B Posaimi 3 Oynm nposeseni
KiJIbKiCHI OIIHKY YHCEJIHOCTI Ta BJIACTUBOCTEH MafibyTHIX criocTepeyKeHb OKpeMux Oi-
HapHOAX CHCTEeM OITMX KapJiMKiB, sfIKi MOXKHA OyJI0 BUSIBUTU B IOTOYHMX 1 MaitOyTHIX
BEJIMKUX aCTPOHOMIYHUX JIOC/I2KeHHsIX. Taki OIiHKA MOXKYTh OyTH peasi30BaHi Iis-
XoM OO’€HAHHYA Py YuCeIbHUX MeTomiB. lleprmuit mossirae B TpOrHO3yBaHHI BJia-
cTuBOCTEH GiHApHUX CHCTEeM OLMX KAPJIUKIB METOJIOM, KUl HA3UBAETHCA “‘OiHapHMiT
oyt cuaTes”. Bin sBisie cob0r0 HaOIp YHMCEBbHUX PENenTiB Jyisd BCiX ¢isu-
YHUX TPOIECiB, Mo 6epyTh ydacTh y OiHapHiit eBosrorii. i mpunucu moegHyrOTHCS
B KOJIi, KU €BOJIIOIIOHY€E v OIHAPHUX 3ipKax Bij HAPOKEHHS KOMIIOHEHTHUX 3ipOK,
no dopmyBanas 6iaux KapaukiB Ta moriMm. Jpyruit MeTos BUKOPHCTOBYE HETAJIbHY
lamakTuany Mozenb M Pernpe3eHTATHBHOTO PO3IMOIIIY TOMYyJIAIil OiHAPHUX CUCTEM
y cunrernyaHiit [ajmaxtuni. HapemiTi, 3Haf0un MOIOXKEHHS 1 BJIACTUBOCTI 1UX OiHAD-
HUX €JIEMEHTIB, MOXKHA OOYUC/INTHU 1X CHHTETUYHI ONTUYHI CUTHAJIU 1 CUIHAJIA IpaBiTa-
WIfiHIX XBUJIb. 30KpeMa, Jjisi OnTUIHuX crnocrepexkenb Gaia i LSST (apa maitbyrnix
MacmTabHux [aJakTHIHUX 30psHUX OOCTEXKEHHs) 1 JJIsd CIIOCTEPeXKEeHb MPaBiTaIliiiHuX
xBuiib LISA. s gucepramnis mokasye, mo Gaia, LSST i LISA ne3zabapom 3HaiinyTh,
Bi/IITOBI/THO, COTHI, THCAY i IECATKYM THCAY OLTMX KApJIWMKIB, 3 IKUX, IPUHANMHI, CTO
OGiHApHUX cHUCTEeM OYIYTh MYJIbTH-MECeH/2KepaMu. TaKiuM YMHOM, 3 HUMHU MOXKHA Oy1e
BUKOHYBATHU 0AraTOIKePebHY aCTPOHOMIIO.

[Tokazapmm, o 6araTo HOBUX MOJBIMHMX OLIMX Kap/auKiB OyayTh BusBisTucs LI-
SA 3a 700OMOrOI0 BUNPOMIHIOBAHHSI TpaBiTaiifinx xBujh B Hamiit [amakruni, Pos-
min 4 jpociikye, un moxke LISA TakoX BUSABIATH TX y CyCiIHIX rajlakTWKax, IO
YTBOPIOIOTH TaK 3BaHy MICIEBY TaJlaKTUYIHY Tpyiry. BoHa imocTpye, siki BIacTUBOCTI
(30Kpema, uacToTa Macu i rpasitaniifiHol xBuii) GiHAPHOI cHCTeMHU NMOBUHHI GyTH BU-
siBjieHl Ha meBHil Bifcrani Bing Yymanbkoro Ilisxy. Ockinbku cujia rpaBiTaiiiHOTO
XBHUJILOBOT'O CATHAJIY 3POCTAE 31 30L/IBIIEHHSIM MACH 1 YaCTOTHU 1 3MEHITYEThCs 31 3011b-
ITEHHSAM BiJCTaHi, BUCOKOYACTOTHI MACHUBHI MOABIHHI Oii KapJaukKM MOXKHA TTOOAINTH
Maitzke Ha Kpaio MicreBoil rpymnu. Binapui cucremu 3 TaKUMHU BIACTUBOCTSAMU € CKJIA-
JTHUMY MIITEHSIMU JIJIs] OIITUIHUX TEJIECKOIIiB, TOMY IO OLIBINT MacuBHi OiJli KApJIUKHU €
MEHIII TIOMiTHUMU 1 MEHITUMHU 33 po3MipoM. Taki BUCOKOYACTOTHI MO/BiiiHI Oii Kapsu-
KU € JIy’Ke BaKJIMBUMU: BOHM, SIK BBaXKalOTh, T€HEPYIOTH CBITJIOBI BUOYXU HAJIHOBUX,
110 BUKOPUCTOBYIOThCSA B ACTPOHOMII K iHAMKaTOpH BimcTaHi B cycimubomy Bceecsiti.
IIpote moci He3pozymiso, mo mopomKye 1 BuOyxu. Hampukiaam, 3/uTTs ABOX OLIIX
KapJIMKIB € OJIHUM 3 MOXKJIMBUX CHOCOOIB OTPHMAHHS IUX HATHOBUX. TAKUM YHUHOM,
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MaitOyTHI CIIoCTepeKeHHsT MOABIHNX Olmmx KapaukiB B Hamriit [agakTumi i B cycimaix
raJakTUKax depe3 TpaBiTariiiii XBU/Ii MOXKYTH IMATBEPAUTA a00 BUKJIIOUUTH ITIO MO-
2KJIUBICTb.

I Ha cam kinerp, y Po3aimi 5 nponoHyeTbest preHATUCS JI0 CIIOCTEPEXKEHD €JIe-
KTPOMATHITHUX Ta IPaBiTAITHAX XBUIb MOABIMHUX OLIMX KAPJIUKIB I JOCJII I2KEHHST
nammol [amaktuku. Moxkaa TpakTHYIHO PO3ALINTH CTPYKTYpPy Hammol 'ajakTuku Ha pi-
3ui KoMuoHeHTH. OCHOBHUMU CKJIQJIOBUMHU €: BUIYKJICTH (60 6aipK) — HeHTpasbHa
miipHa 06J1aCTh, 30PAHUN JUCK — PO3IIMPEHA IIOCKA CKJIaJ0Ba Ta cepoiaHe rayo
— BeJIuKWii auy3HMUI KOMIIOHEHT, 1[0 OXOILIIoE monepeadai asa. ¥ Posmaiai 5 BujHoO,
[0 BUKOPHUCTOBYBAHHs peECTpariil rpaBiTaniinux XBujb, aki Hagae LISA, moszsoJisie
3icTaBuTH AucK Ta OamK, 3abe3nedayoun Tomorpadito Lamaktuku. Icaye psm mepesar
BUKOPUCTAHHS I'PaBITAIIIHI XBUJIb 3aMiCTh €JIEKTPOMATHITHOTO BUITPOMIHIOBAHHS JIJIs
Janoro pociimkenns. [lo-nepie, rpaBiTariitai xBusti He 3aTbMAPIOIOTHCSA MiK30PTHIM
IIUJIOM, IO CUJIBHO BILJIMBAE HA ONTHUYHE CIIOCTEPEXKEHHA Y BHYTPIIIHIX 1 IEHTPAILHUX
obstactax [amaktuku. [lo-gpyre, MinHICTh CHUTHAJIB I'DABITAIIRHAX XBUJIb 3MEHIIIYE-
ThCsI HabaraTo MOBLIbHIIIE 31 301IBIMEHHIM BiACTaHi, MO TO3BOJISIE BUABUTH OITUYIHO
cmabKi JpKepesa, Taki sK MOABIMHI Oimi Kap/anku, Ha Beaukii Biactami. MoXanBicTb
BUBYEHHS 3arajibHUX BiacTuBocTell ['asakTukuy 3a gonmoMoru noABiiHuX OiInx KapJiiu-
KiB TakoxK OyJie 3HAYHO IIi/IBUIIEHA 38 PAXYHOK BUKOPHUCTAHHS TI'PABITAIIHUX XBUJIb
y THOEJHAHHI 3 CIOCTEPEXKEHHIMHU €JIEKTPOMArHITHOTO XBUJIb. YCIIX ITi€l cuHeprii 3y-
moByiennii 3parHicTio LISA sokasnizyBaru GiHapHi cucremu yepes3 MpakTUIHO BCio [a-
JIAKTUKY, TAKMM YHHOM BimoOpazkarodn 11 dhopMy, TOHI SK ONTUYHI CIIOCTEPEXKEHHS
JAI0Th iHGOpMAIIiIo PO pyX 3ipOK, MPOCTEKYIOUN 3arajbHy Macy marepil B Harmiit
TastakTumg.

BucnoBok

s mquceprariis LUIIOCTPYE MOTEHITIA MA0Y THHOTO CIIOCTEPEKEHHS IPABITAIINHAX XBUIIH
3 LISA mna Tamaktuanol acrporowmii. Ile nokasye, mo LISA moxke BUSBUTH JeCATKH
TUCAY HOBUX OIHAPHUX cHCTeM OLIMX KapJ/uKiB 1Mo Beiit [asakTurl, 3a0e3medayodan HO-
BUil croci6 Bimobparkenust ctpyktypu Hymarbkoro asaxy. Ilo 6i1bin BaXKInBO, MO-
JKHA ITO€IHATH ONTHYHI CIIOCTEPEXKEHHsI Ta JaHi BiJ[ CllocTepeskeHb 3a I'paBiTalliiiHu-
MU XBIJISIMU OiHAPDHUX CHCTEM, OCKLIBKH BOHU BUIIPOMIHIOIOTH SIK IDABITAIHI XBUJII,
tak i cBimio. lle no3BonTh BukoHyBaTH Oararorasy3esi [amakTuani gocaimkennas. ¥
JIcepTaIlil HaBeJIeHO MPUKJIAM OaraTomKepeabHe JOCTIIKEHHs, 0 BeJe 10 TOTHUX
KUIBKICHUX OIIHOK MAcH OCHOBHUX 30DSIHUX KOMIIOHeHTiB [ajakTuku (6ampK 1 aucK).
Kpim Toro, curaasim rpaBiTariitHnx XBUJIb MOXKYTh JIIATH J0 HAC 3 CYCI/IHIX TajJaKkTUK:
vanpukJjaa, Mareanosi xmapu ta Aujgpomenu. 11106 6yru BusiBienumu LISA, i
nozal’amakTuani moaBiitHi 611l KApJIMKYM TOBUHHIL Oy TH OL/IBIT MACHBHUME 1 0bepTaTncs
HABKOJIO OJIMH OJHOTO IIBUIINE, HiXK JKepesa B Hamriit [amakTumi. Taki mogsiiai 6i-
JIi KapJIMKKA BBaKAIOTHCs MpabaTbKaMu CBITJIOBUX BUOyXiB HajHoBuX. Ll quceprartis
migkpecioe, mo LISA moxke OyTu HammMM HafKpaIuM iHCTPYMEHTOM JIJIsi PO3yMIiHHSI
MPUPOJIM [UX MOJI HATHOBUX.
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